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Resumo
Sistemas optomecânicos e eletromecânicos baseados em semicondutores III-V
tornaram-se um tópico de interesse. Além das propriedades atrativas desses materiais, essa
atenção deve-se principalmente à possibilidade de integração do oscilador optomecânico e
da cavidade do laser em um único dispositivo. A investigação teórica e experimental
mostra que a interação nesses sistemas híbridos pode levar ao aumento da taxa de
resfriamento optomecânico, controle da emissão laser, entre outros efeitos.
Nesta tese, apresentamos nosso trabalho em osciladores optomecânicos ativos
de material semicondutor. Sob uma abordagem semi-clássica, foi desenvolvido um modelo
baseado em equações de taxa de laser acopladas a um oscilador harmônico, em que tanto
as ressonâncias como as perdas ópticas são modificadas pela deformação da cavidade.
Esse modelo difere da optomecânica de cavidades usual dado que o laser de bombeio e
a dessintonia estão ausentes, levando a um controle feito pela injeção de corrente. O
acoplamento entre vibração mecânica e oscilação de relaxação do laser é derivado da
dinâmica do sistema, de modo que o regime de amplificação é alcançado para determinado
valor de acoplamento optomecânico global. Sob essa condição, os fótons e a vibração
mecânica apresentam oscilação auto-sustentada – obtém-se então um laser auto-pulsado.
A instrumentação para fabricação e medida do laser optomecânico foi
desenvolvida com base em dispositivo microdisco com bombeio óptico com acoplamento
optomecânico puramente dispersivo. Apresentamos então a investigação dos parâmetros
relevantes para o projeto da cavidade em plataformas de GaAs. A emissão laser e a
interação optomecânica são previstas e observadas em microdiscos com meio de ganho de
poço quântico. Discutimos os desafios envolvidos na obtenção de um laser optomecânico.
Finalmente, apresentamos o conceito de um laser optomecânico realista
com otimização do acoplamento optomecânico empregando os mecanismos dispersivo
e dissipativo. Essencialmente, um bullseye optomecânico ativo com forte acoplamento
dispersivo é combinado com uma estrutura dissipativa, um anel metálico externo. A
interação dispersiva é intensificada pelo confinamento de modos mecânicos e ópticos
perto da borda do disco e o efeito de acoplamento dissipativo resulta da interação de
campo próximo com o anel metálico separado por um estreito espaçamento. Mostra-se
que esse novo dispositivo optomecânico dissipativo potencialmente resulta em um laser
optomecânico realista.
Abstract
Optomechanical and electromechanical systems based on III-V semiconductor
materials have become a topic of high interest. Beyond the attractive material properties,
this attention is mainly due to the possibility of integrating an optomechanical resonator
with a laser cavity in a single device. Theoretical and experimental investigation show
that interaction in these hybrid systems can provide enhancement of the optomechanical
cooling rate, control of the laser emission, among other effects.
In this thesis, we present our work on active optomechanical resonators built
on semiconductor material. Under a semi-classical approach, a model based on the
laser rate equations coupled to a harmonic oscillator was developed, with both optical
resonance and loss modified by the cavity deformation. This model differs from usual
Cavity Optomechanics since both the driving field and the detuning are absent, leading
to a control done by current injection. A novel coupling model between mechanical
vibration and laser relaxation oscillation is derived from the system dynamics, such that
the amplification regime is achieved for certain value of overall optomechanical strength.
Under this condition, photons and mechanical vibration present self-sustained oscillation
– therefore, a self-pulsed laser is obtained.
Instrumentation for the fabrication and measurement of an optomechanical
laser was developed based on microdisk geometry with optical pump and purely dispersive
optomechanical coupling. We then present an investigation of the relevant parameters for
the design of an optomechanical laser cavity based on GaAs platform. Laser emission
and optomechanical interaction are predicted and observed in microdisks with quantum
well gain medium. We discuss the significant challenges involved in obtaining an
optomechanical laser.
Finally, we present the design of a realistic optomechanical laser with a strong
enhancement of the optomechanical coupling employing both dispersive and dissipative
mechanisms. Essentially an active optomechanical bullseye with very strong dispersive
coupling is combined with a dissipative structure, an external metallic ring. The dispersive
interaction is enhanced by the confinement of mechanical and optical modes near the disk
edge and the dissipative coupling effect is provided by near field interaction with the
metallic ring separated by a small gap. This novel dissipative optomechanical device is
shown to potentially result in a realistic optomechanical laser.
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Chapter 1
Why active optomechanical cavities?
The development of hybrid micro and nano-systems coupled to mechanical
resonators has become an important topic of theoretical and experimental investigation.
Such schemes are based on the transduction of the mechanical motion to the coupled
physical system, which may be an optical cavity, an electric or a superconducting circuit,
among others. The different forms of coupling mechanisms and geometries resulted in a
large variety of configurations to exploit this interaction and led to the development of a
wide range of applications [1–8]. In particular, the merging of a mechanical resonator to
an optical cavity in the so called field of Cavity Optomechanics gave rise to a successful
source of versatile devices for basic and applied research in optics [9, 10]. Among the
multiple applications, we can cite tunable filters [11], radio frequency oscillators [12],
wavelength converters [13] and optical delay lines [14], besides fundamental applications,
such as cooling of the mechanical resonator [15,16].
The most explored mechanism to connect the optical and mechanical
resonators in these applications is called dispersive coupling and it consists on the optical
frequency shift due to the mechanical deformation. The simplest sketch to illustrate this
interaction consists of a Fabry-Perot cavity with a movable end mirror, as illustrated in
Fig. 1.1(a). In this representation, one of the mirrors is free to dislocate, described by
a harmonic oscillator with natural frequency Ωm and intrinsic damping Γm. The optical
cavity may present several resonances and they depend on the cavity size; for a given
optical mode, the resonance frequency is Ωcav and the total decay rate is κ. In the
presence of an input laser, photons populate this cavity mode and exert optical force on
the mirror walls – the known effect of radiation pressure [17] –, driving the mechanical
oscillator. Since the resonance frequency depends on the length of the cavity, the mirror
motion induces fluctuation in Ωcav; in the other hand, this causes variation in the optical
force, generating a feedback loop.
A major reason for the investigation of these devices is the effect called
dynamical backaction [18]. It consists on the modification of the mechanical susceptibility,
i.e. variation on Ωm and Γm, promoted by the delay between the optical force and the
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Figure 1.1: Dispersive cavity optomechanics scheme. (a) Fabry-Perot cavity with resonance
Ωcav and decay rate κ. The end mirror is free to oscillate in its normal mode with frequency
Ωm and damping Γm. The intracavity photon population is fed by an input laser and exerts
optical force on the mirror, driving the mechanical motion. Change in the end mirror position
alters the frequency Ωcav, generating a feedback loop. (b) Scattering picture of heating (i)
and cooling (ii) of the mechanical state. In (i), the laser ΩL is blue detuned from the cavity
resonance, and then the Stokes sideband scattering is favored. The exceeding energy is added
to the mechanical mode, which is possible when the detuning is the same amount or multiple
of Ωm. The opposite situation in (ii), when the laser is red detuned, favors the anti-Stokes
scattering and it is necessary to take energy out from the mechanical mode, cooling it.
oscillator response due to the finite nature of the cavity lifetime. The force component
in phase with the motion promotes change in Ωm, modifying the resonator stiffness,
denominated optical spring effect. The out-of-phase component induces then variation
of Γm, called optomechanical damping rate. We say that the mechanical mode is heated
(or amplified) when Γm is decreased, storing more energy, and it is cooled when Γm
increases, having energy taken out of the mode – in the quantum mechanical picture
of the harmonic oscillator, these correspond respectively to creation and annihilation of
phonons of the vibrational mode.
The control of this delay is done through the laser input which pumps the
optical cavity, with light at frequency ΩL. When this beam is mismatched from the cavity
resonance, energy is exchanged with the mechanical resonator to adjust the photons to the
cavity frequency. The scattering picture, represented in Fig. 1.1(b), summarizes how the
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exchange between optical and mechanical energy occurs. Basically, the laser response has
sidebands due to the mechanical modulation of the mirror, ΩL−Ωm (Stokes) and ΩL+Ωm
(anti-Stokes). When the laser is blue detuned from Ωcav, as in (i), the band with lower
frequency is favored. If this detuning is equal to or a multiple of the mechanical frequency,
the optomechanical coupling allows the mechanical mode to receive the exceeding energy,
increasing the phonon number, i.e. the motion is amplified. In (ii), when the laser is
in the opposite side of the resonance, the anti-Stokes scattering is then favored, and it
is necessary to take energy from the mechanical oscillator to populate the cavity with
higher energy photons. Then phonons are destroyed and the mechanical state is said
to be cooled. Such mechanism can be applied to any other geometry of optomechanical
cavity, as long as it is possible to establish a coupling between the optical frequency and
the mechanical degree of freedom.
The early development of optomechanical resonators was essentially carried
out in passive devices: these systems are pumped by a coherent input channel, a driving
laser as described above, which is built and controlled externally, while the cavity itself
presents very low absorption and no emission – equivalent to a high optical quality factor,
defined as Qo = Ωcav/κ. The idea to integrate the light source emerged naturally, which
means to build a laser cavity with a mechanical degree of freedom. One important aspect
of such device is the additional light-matter interaction that generates the laser light and
may produce novel optomechanical phenomena as well as relax the conditions for some
known phenomena observed in passive cavities. In this context, the pursuit of active
optomechanical cavities is a relevant topic for research on optomechanics in cavities.
1.1 Active optomechanical resonators – present
status
Theoretical work has been done in optomechanical cavities incorporating
material with optical gain. Given the prominent demonstration of cooling of the
mechanical state, the first efforts were focused on this kind of application, in order to
optimize the cooling rate through the optical transition. This remarkable interest relies
mainly on the goal for realization of the ground state, with relevance for quantum physics
related research [3,19]. A precursor scheme with this purpose was suggested in [1], where
it was shown that the coupling of a mechanical resonator to a quantum dot (QD) presents
assisted cooling provided by optical absorption, likely to achieve the zero phonon state.
The coupling between the dot and mechanical mode occurs directly through the strain in
the material, which modifies the band structure and hence the QD levels. Following this
idea, assisted cooling could be facilitated by the confinement of a cavity, promoting the
optomechanical interaction and the optical feedback necessary to later build a laser.
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Physical modeling of an active optomechanical cavity have to consider
hypothesis about the gain parameters, which depend on the nature of the embedded
medium – diverse gain profiles are obtained from the available optical materials, generating
distinct effects. A very simplified way to introduce absorption and gain is to consider
an atomic ensemble, modeled as a two-level system with narrow bandwidth transition.
This general scheme is usual in the treatment of these hybrid systems, and a recurrent
motivation in these works is to eliminate the known condition of resolved sideband
operation [20, 21]. This regime happens when the mechanical frequency exceeds the
linewidth of the cavity mode, Ωm  κ, such that the scattering unbalance is very sharp,
as the ideal representation in Fig. 1.1(b). The optical resonator is then called good cavity,
optimal to perform efficient cooling [22]. For real systems, however, this is not always
satisfied. When the system is not sideband resolved, both amplification and cooling are
less efficient, since the sidebands have almost the same density of states inside the mode
profile and then the enhancement of one of them and suppression of the other is not as
effective.
A pioneer work in this aspect was done by Genes, Ritch, and Vitali, in order
to relax this requirement [20]. Given the scattering representation for the good cavity
(Fig. 1.2(a)), it is possible to obtain the same scheme in bad cavities by modifying them
with atomic ensemble, with absorption in ω1 = ωs (Fig. 1.2(b)) or with inverted population
with transition ω2 = ωas (Fig. 1.2(c)). The limitations for this demonstration are how
narrow the transition has to be and the need of fine control of the two-level population, of
whose value the cooling rate depends. Other posterior works brought similar treatment to
achieve ground state cooling via auxiliary media [23, 24], however, they do not configure
yet laser cavities, since there is no optical feedback to provide stimulated emission.
Figure 1.2: Introduction of narrow bandwidth gain or loss provided by atomic ensemble to
relax the resolved sideband condition for cooling [20]. (a) In a good cavity, with resonance ωc,
the mode profile (dashed black line) scatters the driving laser ωl to the sidebands ωs and ωas
favoring the anti-Stokes sideband. For a bad cavity, there are two possibilities to reproduce this
scheme: (b) Transition at ω1 = ωs allows absorption and suppresses the lower sideband. (c)
Inverted population with ω2 = ωas adds gain, promoting enhancement of the upper sideband.
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Thereafter a more general question was raised about the possibility of a
laser cavity to perform cooling on its own mirrors, eliminating the need of an external
driving laser. This problem is approached in [25] and it is shown that this is not
possible: considering a cavity with atomic transition and usual dispersive coupling, the
optomechanical damping rate tends to zero over the laser threshold. In fact, when it
is fed by incoherent pump, the atomic medium itself acts as an amplifier, generating
extra noise and thus always heating the mechanical resonator. Nevertheless, when the
external driving signal is reintroduced at the emission frequency, the pump intensity tunes
the optomechanical rate and it can be larger than the one obtained in a passive cavity,
implying in more efficient cooling.
The ongoing idealization and modeling of these systems represent the relevance
of this subject. However, active optomechanical cavities performing cooling were not yet
experimentally demonstrated. Meanwhile, one shall notice the possibility to explore the
opposite effect, the amplification of the mechanical motion in active cavities. Also, other
aspects of the system may produce interesting effects, such as the intrinsic nonlinearity,
which gives rise to bistable behavior [24], the balance between gain and loss in coupled
cavities [26–28], or other forms of gain, like the ones provided by bulk semiconductor
material or quantum wells (QWs) [29]. In fact, when it comes to the recent experimental
investigation of active optomechanical cavities, different possibilities were explored rather
than cooling. For experimental purposes, it was very convenient to use the already known
geometries and structures explored for laser cavities in the past, choosing the ones that
allowed to add a mechanical degree of freedom. In this perspective, the demonstrated
effects were in most of the time result of each system particularities, but still with very
interesting applications.
Among the recently explored designs, we find the relevant examples of cavities
based on the “zipper” geometry and planar devices formed by distributed Bragg reflectors
(DBRs). In the first case, the photonic crystal double-clamped nanobeam, called zipper
cavity, was reproduced on a semiconductor laser structure and integrated to electric
contacts, which capacitively act on the double beam, as shown in Fig. 1.3(a) [30]. A
tunable optically pumped laser was demonstrated, where the electromechanical actuation
resonantly excites mechanical modes, inducing the optical frequency shift. Related
to DBR planar microcavities, also known as VCSELs (acronym for vertical-cavity
surface-emitting laser), Fig. 1.3(b) and (c) show very different applications. In [31],
Czerniuk et al. implemented a planar microcavity exhibiting simultaneous confinement
of both optical and mechanical resonances due to the Bragg reflectors, which work as
mirrors and also create stop bands in the phonon dispersion. When the gain medium is
incorporated, QWs or QDs, the laser light couples to the phonon oscillation and their
strong interaction induces modulation of the output intensity. Such demonstration was
performed with optical pump and the mechanical vibration was excited by a strain pulse,
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as represented in Fig. 1.3(b). Another explored possibility with a VCSEL is to attach the
mechanical oscillator on the top of the device with an empty gap, extending the optical
cavity length to the oscillator’s position (Fig. 1.3(c)). In fact, similar construction of
microelectromechanical (MEM) mirrors is already largely explored to build tunable lasers
with external cavity, even at commercial scale [32]. It was shown that the use of a high
contrast grating, or HCG, as end mirror allows faster tuning speed [33], at the same time it
changes the emission properties, such as the laser output linewidth [34]. The optimization
of the HCG as a mechanical resonator allowed to achieve self sustained oscillation due to
the combined effects of radiation pressure and phototermal forces. Using a tuning voltage,
enhanced wavelength sweep and large oscillation amplitude were also demonstrated [35].
(a) (b)
(c)
Figure 1.3: Demonstrations of laser microcavities with electromechanical and optomechanical
actuation. (a) Wavelength tunable zipper cavity, optically pumped and with mechanical resonant
excitation by electrostatic actuators [30]. (b) Spatially coincident resonances of photons and
phonons in a DBR planar cavity. The mechanical waves are driven by strain pulses and couples to
the laser emission, promoting modulation of it [31]. (c) VCSEL coupled to a high contrast grating
(HCG). The membrane vibrational mode is electrostatically excited, changing the emission
wavelength and achieving self sustained oscillation [35].
The practical application aspect of the experimental research on laser
optomechanics is very significant, as well it shows the fruitful research still being developed
on semiconductor lasers. However, we emphasize that the obtained results highly depend
on each device’s particularities. There was not yet a general model that could be applied to
any geometry and thus be able to predict similar effects in different types of cavity, since
the supported mechanical mode and its excitation method are individual to each kind
of demonstrated design. Nevertheless, it is clear that cavities based on semiconductor
are very convenient for the realization of active optomechanical resonators, due to the
versatility of design and well developed experimental infra-structure. III-V compounds
stand out as suitable materials: there is a large variety of alloys, allowing emission in
a wide region of the spectrum, and the gain can be obtained in different profiles by
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incorporation of bulk material, quantum wells or a quantum dots array. Also, it is
possible to reproduce successful geometries developed on silicon platforms due to the
similarity of mechanical properties and microfabrication techniques. Even beyond the
actual laser operation, it is possible to use the absorption and the carrier dynamics in
different applications: to change spectroscopy properties of the device [36], to manage the
interaction between photons and free carriers [37–39] or to explore the strong coupling
regime, commonly achieved in the light-matter interaction in these systems [40,41], among
others. Besides that, the mechanics can be incorporated through different mechanisms,
such as piezoelectricity [36], photoelastic effect [42] and moving boundary coupling [43].
1.2 Our contribution
In this context, we present the work of this thesis on the development
of an active optomechanical resonator, dubbed optomechanical laser, based on III-V
semiconductor platform. Our main goal was to understand and demonstrate the
interaction between the laser cavity emission and mechanical motion in order to
predict novel phenomena and applications of such a system. Given demonstrations
on optomechanical systems in the radio frequency range [44–46], we were specially
interested in obtaining light emission modulated by optomechanical oscillation, connecting
photonic circuits and RF applications. Also, our group, the Device Research Laboratory
(Laboratório de Pesquisa em Dispositivos – LPD), has conducted the research in both
semiconductor lasers [47–51] and optomechanics in cavities [52–55], such that this doctoral
work took advantage of the pre-existing knowledge and contributed for the development
of a brand new device.
Based on the usual laser rate equations, we propose a semi-classical model
to couple the laser oscillation and the mechanical motion. In this approach, such
interaction is enabled when the cavity presents both the optical resonance and decay
rate modulated by the mechanical displacement – called respectively dispersive and
dissipative optomechanical couplings. There was not similar proposal regarding active
optomechanical devices so far, standing out for the novelty character of this approach. As
result, we have shown that self sustained oscillation of the motion is achieved when the
cavity fulfills some requirements concerning mechanical and optoelectronic parameters.
The emission intensity presents modulation in this regime, provided by the coupling
between the vibrational mode and the laser relaxation oscillation. The control is done
through the pump intensity or injected current, building up for optomechanics without
the external drive laser and the usual figure of merit of the detuning.
At the light of this analysis, we aimed to develop an optomechanical laser
cavity for demonstration of this effect. We started from the microdisk resonator geometry,
explored for both laser cavities [56–58] and optomechanical oscillators [59–61]. Such
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optical cavity sustains typical whispering gallery modes (WGM), allowing evanescent
coupling with an integrated waveguide or a suspended fiber [62]. The disk also sustains
mechanical modes and the range of frequencies is established by the disk radius. The
initial device was optically pumped, due to the simpler epitaxial structure design and
experimental realization, allowing the modification for electrical contact [48, 56]. From
such simple geometry we could develop fabrication techniques and characterization setups,
improving the infra-structure for later more complex structures.
Our model was developed simultaneously to the experimental work and
demanded modifications in the cavity design, in order to enable the dissipative coupling
and the enhanced optomechanical coupling strength, which we found required to
observe the self pulsed emission. Inspired by the recent demonstration of the bullseye
optomechanical resonator in our group [53], we suggest the incorporation of gain
medium in this device, specifically quantum wells, to build an optomechanical laser. Its
geometry consists on a microdisk with a nanostructured top surface, forming a circular
grating optimal for engineering of the mechanical modes dispersion. The design of
band gaps for longitudinal waves allows confinement of the vibration to the disk edge,
spatially coincident to the optical mode localization, thus promoting enhanced dispersive
optomechanical coupling. Our modification to promote the dissipative coupling consisted
in the addition of a highly absorptive structure in the vicinity of the disk, typically a
metallic ring, forming a gap with the disk sidewall. While the optical shift occurs mainly
due to the photoelastic effect, the modulation of the decay rate is essentially governed by
the moving boundary contribution: the disk edge displacement perturbatively modifies
the air spacing from the metal, changing the near field pattern of the optical mode and its
quality factor. Together with the model, this design is a main contribution of this thesis,
exploring different mechanisms of optomechanical coupling and mechanical excitation to
allow the predicted effect.
Given the motivation for this research, the thesis is organized as follows. In
Chapter 2, we do an overview of our work basis: semiconductor lasers and optomechanics
in cavities. Both topics are already largely studied in the literature, thus we briefly make
a review over the main aspects that are going to be relevant to build our model, right after
in Chapter 3. There we present our semi-classical approach to treat the optomechanical
laser considering a III-V semiconductor platform and cavity with dispersive and dissipative
optomechanical couplings, discussing the highlights and limitations of this model, as well
the results on self pulsed emission.
Experimental work was realized in parallel to the theoretical investigation,
based on the instrumentation development for fabrication and measurement of compatible
cavities. For that, we built active optomechanical microdisks based on gallium arsenide
platform, in collaboration with the group of Dr. Ivan Favero from the MPQ Laboratory
(Laboratoire Matériaux et Phénomènes Quantiques) in the Université Paris Diderot. In
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Chapter 4 we present the design of these devices, by performing simulations of the
optical and mechanical modes and calculating the expected optomechanical coupling and
optoelectronic properties. The following chapter 5 is then dedicated to the experimental
activities. We have obtained GaAs active disks with optical gain provided by embedded
single quantum well. We show the fabrication and characterization of these disks,
following techniques well established by Dr. Favero’s team, with typical optomechanical
measurements and evaluation of the laser performance.
In Chapter 6, we present the active bullseye, our theoretical proposal of
optimized device for demonstration of the predicted effects, yet experimentally feasible.
As we did in Chapter 4, we discuss the cavity’s design details, in particular the engineering
for enhancement of the dissipative optomechanical coupling.
Finally, in Chapter 7 we present our final considerations and perspectives of
this work.
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Chapter 2
Fundamental background
Our work is based on two well established topics in optics of microcavities:
semiconductor lasers and cavity optomechanics. In this chapter, we present a brief review
of each subject, focusing on the main aspects necessary to build our model, presented in
the next chapter.
2.1 Semiconductor laser
The operating principle of a laser is based on the three fundamental
mechanisms of light-matter interaction: absorption, spontaneous and stimulated emission.
The understanding about these phenomena was fundamental to the realization of
microwaves’ amplification in the 1950’s, followed by the referred demonstration with light.
Such amplification in a laser1 is promoted by two essential ingredients: gain and optical
feedback. The gain medium is responsible for converting the energy delivered to the
system, called pump, into stimulated emission, while feedback is provided by a cavity,
confining light in an optical mode – photons then cross the material multiple times,
leading to the amplification and producing a monochromatic and coherent output beam.
There is a wide range of laser types classified by the gain medium nature: atomic gases,
doped crystals, free electron sources, to cite a few. Besides these, semiconductor materials
stand out for their versatility – diode lasers based on these materials represent the most
commercialized type, mainly due to the low production cost and efficiency provided by
the direct current injection for pumping. With low energy consumption and reduced size,
they have become essential for advances in telecommunication, among other industrial
applications.
Semiconductor lasers were first introduced by using p-n junctions to obtain
stimulated emission. The first demonstrations were based on GaAs devices [63–65], with
optical gain provided by electron-hole recombination in the depletion region and cavity
1LASER: acronym for Light Amplification by Stimulated Emission of Radiation
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formed by the polished facets in the junction’s endings. Right after, improvement of both
carrier and light confinement was suggested by joining materials with different bandgaps,
called heterostructure (in contrast with the single material diodes, named homojunctions).
Based on this, the double heterostructure (DH) was composed by two materials grown into
a sandwich, where the material with wider bandgap forms the outer layers (the claddings)
and the second one, with smaller bandgap, is in the middle, as seen in Fig. 2.1. This kind
of structure provided the first lasers working at room temperature, enabled by higher
efficiency in carrier confinement, resulting in lower threshold current [66].
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Figure 2.1: Scheme of a double heterostructure: the cladding material (1) has wider bandgap
than the middle layer (2), promoting confinement of electrons in the conduction band (CB) and
holes in the valence band (VB). Also, the middle layer has higher refractive index, n2 > n1,
inducing localization of the optical mode due to the index contrast. (2) is called active region,
defined as the region where carriers recombine, producing gain and emitting photons.
The great success of these devices was mostly due to the following progress in
telecommunication and fiber transmission systems, where the small size, low consumption
and high durability were very important for enlargement of the network. Special
development occurred on III-V semiconductor lasers with emission at 1.3µm and 1.5µm,
corresponding respectively to minimum loss and dispersion in optical fibers. Their
functionality go beyond as monochromatic and coherent light sources and have become
essential devices for optical signal processing. Surely there is still room for research, in
both basic physics and practical applications. The use of coupled cavities to evaluate
the trade off between gain and absorption in the laser behavior is an example of recent
fundamental investigation, based on the parity-time symmetry exhibited in these systems
[67, 68]. Concerning more technological applications, it stands out the demonstration of
nanolasers [51], development of integrated platforms with Si for hybrid Si-III-V lasers [69],
tunable sources and fast response lasers for modulation [33], and so on.
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2.1.1 Design of a laser cavity
A laser cavity must provide simultaneous optical gain and feedback, as
mentioned before. Regarding the gain medium, the importance of DH for the development
of semiconductor lasers was brought up since it enabled practical applications. A step
forward was implemented on reducing the gain layer thickness, in the order of hundreds of
Angstroms, such that carriers are subject to quantum effects of the confinement. In this
way, the conduction and the valence bands configure quantum wells for electrons and holes
respectively, discretizing the energy levels. As a consequence, the carrier density of states
is modified and devices with smaller threshold current were obtained [66]. The emitted
photon’s energy in this case is equal to the difference between the levels, which depend on
the quantum well thickness and its depth, i.e. the band discontinuity. Thus the emission
wavelength can be set by the well properties, which is an advance compared to the bulk
material for the laser design. This is also tailorable by handling the composition, which
intrinsically changes the bandgaps of the well and barrier. Growth of very thin layers
with high quality was possible back then due to epitaxial growth techniques developed
in the 1970’s, with two main methods: molecular-beam epitaxy (MBE) [70, 71] and
metallo-organic chemical vapor deposition (MOCVD) [72, 73]. Both allowed fine control
of the composition, thickness and planarity, specially relevant for realization of III-V DH
and QW lasers [66].
Confinement can be further extended: while the quantum well has reduced
thickness with the other dimensions kept at bulk scale, quantum wires [74] or dots [75] have
two or three dimensions diminished, respectively. Ongoing miniaturization of the active
region affects the injection efficiency due to the reduced transversal section (resulting in
higher electrical resistance), although still leading to small working currents. Also, due
to the modified density of states, these devices allow strong light-matter interaction, of
special interest for cavity quantum electrodynamics [76] – it is remarkable that a QD
presents delta-like density of states, reproducing an atomic behavior.
Calculation of the optical gain is relevant in the sense it allows to calculate
the threshold current of the laser, an important design parameter. For derivation of
the optical rates, it is necessary to know the band structure of the junction. Alloys
properties – bandgap, lattice constant, effective mass, and other pertinent constants
– are easily calculated by interpolation of binary compounds [77]. For the DH, the
bands alignment was largely studied [78], including the case of accumulated strain due
to lattice mismatching [79], i.e. when the substrate and grown material have different
lattice constants. From the band structure, we solve the electrons and holes states,
considering the confinement configuration: bulk, QW, QD, etc – see in Fig. 2.2 the
representation of typical band structure of a QW. Finally, optical transition rates for
absorption, spontaneous and stimulated emission are calculated by Fermi’s Golden Rule,
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using the time-dependent perturbation theory. The relation between spontaneous and
stimulated emission and calculation of the material gain from the electronic properties
are shown in detail in Appendix A. It is demonstrated that for the transition between the
excited state E2 to the initial state E1, the gain G(E21, f1, f2) and spontaneous emission
rate Rsp are related by
G(E21, f1, f2) =
Rsp
η(E21)vg
(1− e(E21−∆µ)/kBT) (2.1)
where: fi is the Fermi-Dirac occupation probability of the state i, η(E21) is the photonic
density of states with energy E21 = E2−E1, vg is the group velocity of light in the cavity
and ∆µ is the chemical potential, given by the difference between the quasi-Fermi levels;
kB stands for the Boltzmann constant and T for the temperature. Also in Appendix A
we discuss the details for each step of the calculation, which also includes evaluation of
η(E), the transition matrix element, quasi-Fermi levels and inclusion of the intraband
relaxation.
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Figure 2.2: Band structure of quantum well with length L. Barrier and well have energy
bandgaps Eg,barrier and Eg,well. The correct alignment in the interface is important to establish
the bands discontinuities ∆Ec and ∆Ev, which are the well depths. ec1 and hv1 represent the
first discretized levels for electrons in the CB and holes (light or heavy) in the VB respectively;
the transition is then given by the difference ec1− hv1.
Besides the optoelectronic properties, the optical cavity geometry is an
important design feature and it must be compatible with the gain medium structure
while providing optical confinement. One issue is to produce high reflectivity mirrors
that allow the collection of light outside the cavity – this also concerns the divergence
and directionality of the output beam. With the decided geometry, it is necessary then
to perform the fabrication process on the grown wafer to produce devices of micrometric
or even nanometric dimensions. Part of the research consists in improving the laser
fabrication, optimizing the steps (lithography, etching, metal and anti-reflective coating
deposition etc). Fig. 2.3 shows some examples of cavity geometries and respective
Chapter 2 Fundamental background 29
(a)
(b) (c)
Figure 2.3: Examples of laser cavity geometries and respective applications. (a) Edge-emitting
ridge laser with high CW output power and improved collimation [82]. (b) Microdisk laser
for microwave generation connected to output waveguide [83]. (c) Photonic crystal bandedge
membrane laser on silicon platform – proof of concept for hybrid integration [84].
applications. It is observed that mirrors can be formed by several forms: cleaved facets
(e.g. ridge), periodic structures for gratings (DBR, including VCSEL, DFB and photonic
crystal) or by geometrical construction (disk). Also concerning the design, one must
consider the pump method, which can be made through current injection or by optical
absorption. In the first case, the laser has ohmic contacts that inject carriers directly in
the junction, with recombination occurring in the active region [80]. It is necessary to
optimize the cladding doping to enable contact between metal and semiconductor and to
get efficient injection and diminished heating – an essential optoelectronic design problem.
The second method consists on shining light on the structure, satisfied that the pump
photons have energy higher than the bandgap of the active material. Due to absorption,
electron-hole pairs are created, similarly to the situation of electric contact. Heating
may occur here due to scattering to phonons, since these pairs may be created with
higher energy than the transition and, after recombination, this excess can be absorbed
by the crystal, exciting the vibrations. In this case, the pump is optimized by choosing
wavelength close to the transition; also intermediary cladding layers can be added, to
avoid recombination in the surface and to improve confinement of carriers to the active
region [81]. This method is more usual at research level, while state-of-the-art devices
desirably have electric contacts.
2.1.2 Laser rate equations
The laser behavior, concerning the interaction between the optical field and
material gain, can be semi-classically understood through the laser rate equations. Such
Chapter 2 Fundamental background 30
formulation is the simplest form of semi-classical theory, in which the electromagnetic
field is presented classically by the wave equation while the gain medium is quantized,
represented by a two-level system [85] – in this approach, the corpuscular nature of light is
disregarded, giving its classical character. This formulation is widely used to explain laser
properties in general, allowing one to infer about the steady state, spectral and dynamical
properties of the emission. The set of equations in this formulation is usually threefold,
describing the time derivatives of the optical field amplitude, medium polarization and
population inversion (defined as the difference between the excited and ground state
populations). Some hypothesis are assumed to get the final equations, including the slow
varying envelope approximation (both field and polarization vary slowly in time compared
to the optical frequency), small losses (cavity decay rate and transition linewidth are
much smaller than the related optical frequencies) and the resonance approximation
(lasing frequency is somewhere between the optical resonance and the transition frequency,
which must be close). Considering also linear susceptibility, the polarization is written
proportional to the field and we end up with two equations, for inversion population and
for photon number, the latter derived from the optical field.
When it comes to semiconductor laser, this derivation is more directly, since the
linear susceptibility is assumed in the first steps [86]. The analysis starts from Maxwell’s
equations in the absence of free charges:
∇× E = −µ0∂H
∂t
(2.2a)
∇×H =J + ∂D
∂t
(2.2b)
∇ ·D = 0 (2.2c)
∇ ·B = 0 (2.2d)
E andH are the electric and magnetic field vectors and the medium response is given by
D and B, the electric displacement and magnetic flux density. J is the current density
vector, which represents the source for the electromagnetic field. There are the auxiliary
definitions (constitutive relations): J = σE , with σ equal to the medium conductivity,
D = 0E +P, where P is the electric induced polarization, and B = µ0H . With some
mathematical manipulation2 and taken that∇·P is negligible, we get the wave equation:
∇2E − σ
0c2
∂E
∂t
− 1
c2
∂2E
∂t2
= 1
0c2
∂2P
∂t2
(2.3)
Here we apply the condition for linear susceptibility, which relates polarization and electric
field at first order. The temporal dependence is also covered by this condition, assuming
that the material has instantaneous response – this holds true for semiconductor material
2Apply ∇× in equation 2.2a and use the vector identity ∇×∇× E = ∇(∇ · E )−∇2E
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given that intra-band processes are fast compared to carrier and photon lifetimes (order
of tenths of picosecond). We can write then P = 0χE , getting
∇2E − 1
c2
∂2
∂t2
(E ) = 0 (2.4)
where we used the definition of the material dielectric constant , related to χ and to
the loss represented by σ – for more details, see Appendix B. The solution of the wave
equation follows writing the field E in a general form, for a certain chosen polarization eˆ:
E (r, t) = eˆ
∑
j
Φj(r)Ej(t)e−iωjt (2.5)
where Φj(r) describes the j-mode’s spatial profile, satisfying ∇2Φj(r) + k¯2jΦj(r) = 0,
with k¯j = n0Ωcav,jc – these are the modes of the “cold cavity”, i.e. the optical solution in
space when there is no pump and the refractive index n0 is purely real. Notice that the
amplitude varies over time, Ej(t), due to the cavity losses, thus the mode is no longer
stationary. Choosing a mode j, such that the sum is only over one term, substitution of
2.5 in equation 2.4 gives
Φ(r)
[

c2
(
ω2 + iω2

∂
∂t
)
− k¯2
]
E(t) + Φ(r)2iω
c2
[
+ i
ω
∂
∂t
]
dE(t)
dt
= 0 (2.6)
where we omitted the index j and considered the second derivatives negligible,
since variations of both E(t) and  are much slower than ω (slow varying envelope
approximation3). Regarding the dielectric constant, one should take  = (r, t), since
it depends on the intrinsic material properties and on the pump. A simplification can be
performed taking the spatial average:
〈〉 =
∫
Φ∗(r)Φ(r)(r)d3r (2.7)
where Φ(r) is normalized: ∫ Φ∗(r)Φ(r)d3r = 1. A limitation of this simplification is
the neglected spatial dependence of optical modes and medium, since the field is not
uniform in the whole cavity. We also removed the temporal dependence of , whose major
consequence is the cavity’s dispersion – in time domain,  is affected mainly by the carrier
injection and generation of light, both time dependent; nevertheless, this static analysis
is still reliable for most of the cases. The equation for E(t) is then
(〈〉
c2
ω2 − k¯2
)
E(t) + 2iω
c2
〈〉 dE(t)
dt
= 0 (2.8)
3SVEA can be defined for a field A(t) as
∣∣∣∂2A∂t2 ∣∣∣  ∣∣ω ∂A∂t ∣∣; the second time derivative of the field is
then: ∂2∂t2 (E(t)e−iωt) = e−iωt[
HHH
∂2E(t)
∂t2 − 2iω ∂E(t)∂t − ω2E(t)]
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The average 〈〉 can be replaced by an effective dielectric constant. In Appendix B, it is
defined the relation between dielectric constant and complex refractive index:
√
 = n˜ref,
with n˜ref = nr + ini = (n0 + δn) + i(α/2k0), where n0 is the refractive index in absence of
pump, δn is its carrier-induced variation, α is the absorption coefficient and k0 = ω/c is
the propagation constant in vacuum. Hence
〈〉 = (nr + ini)2 = n20 + 2n0δn+ n0
iαc
ω
+O(δn2) +O(α2) +O(δnα) (2.9)
where δn and α are usually smaller than n0, allowing to ignore higher orders terms. Later,
better approximation is done considering the mode index instead of n0. Also, α must be
taken as mode-absorption, equal to the material absorption summed up with other losses
(scattering and mirrors imperfections); taking the material absorption as opposite of gain,
we use α¯ = αint + αmirror −G. Using 2.9 in 2.8, disregarding terms αdEdt and δndEdt , we get(
ω2 − Ω2cav + 2ω2
δn
n0
+ iωα¯c
n0
)
E(t) + 2iωdE(t)
dt
= 0 (2.10)
Here we see the difference between ω and Ωcav: the first is the field oscillation frequency, i.e.
the laser-mode frequency, initially undetermined, while the second is the cavity resonance,
solved in the absence of pump. Since ω nearly coincides with Ωcav, then we can write:
ω2 − Ω2cav ∼= 2ω(ω − Ωcav) and finally the rate equation for E(t) becomes:
dE(t)
dt
= i
(
ω − Ωcav + ωδn
n0
)
E(t)− c
n0
α¯
2E(t) (2.11)
It is useful to separate the amplitude and phase of E(t), such as E(t) = A(t)e−iφ(t),
getting the respective rate equations
dA
dt
= vg
G− αtot
2 A(t) (2.12)
dφ
dt
= −
(
ω − Ωcav + ωδn
n0
)
(2.13)
where we approximated the phase velocity c/n0 by the group velocity vg (disregarding
the medium dispersion [86]) and wrote the net absorption as gain minus total losses (the
adopted convention is net absorption negative for lossy cavity and positive for material
with gain). It is seen that the amplitude in 2.12 has growth or decay depending on
the balance between gain and losses, which is quite intuitive and mark the threshold
condition, where G = αtot. The phase equation shows the balance between the cold
cavity resonance Ωcav and lasing frequency, affected by the carrier-induced index change
δn. This non-exact coincidence generates the effect of frequency chirping: the lasing
frequency is usually smaller than the cavity resonance and has to be taken into account
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in the analysis of emission spectral linewidth.
The amplitude equation can be converted to a description of the photon
number P , given that P = 22~ω
∫ |E |2 d3r and then P ∝ A2. It is usual to use the
density p, with P = pV and V equal to the cavity volume. The convenience comes from
the connection with the optical intensity |E|2, which is the measurable physical quantity;
however, it does not imply the discretized behavior of light, corresponding to an average
number. This change of variables allows to get the photon density rate equation:
dp
dt
= (G¯− κ)p+ βRsp (2.14)
where we defined the net gain rate G¯ = vgG. If the gain region and optical mode have
only partial spatial superposition, the fraction of overlap Γ has to be considered, called
the confinement factor: Γ =
∫
g|Φ|
2d3r∫
|Φ|2d3r , with “g” corresponding to the active region. The
photon decay rate is also defined: κ = vg(αint + αmirror), and it can be used to get the
photon lifetime: τP = 1/κ. β is the spontaneous emission factor and corresponds to
the amount of photons generated by spontaneous emission, with rate Rsp, that couple to
the lasing mode. This rate is added phenomenologically, while rigorous treatment of the
noise due to this recombination requires the field quantization. Within this semiclassical
approach, besides the contribution to photon number, the added noise is taken care of in
the laser linewidth derivation.
The connection between gain and linewidth is recovered, defining the so called
linewidth enhancement factor: ζ = −2k0 ∂nref/∂N∂g/∂N , where N is carrier number. Writing
δn = −(ζ/2k0)δG, with vgδG = G¯− κ, the phase rate equation is written as
dφ
dt
= −(ω − Ωcav) + 12ζ(G¯− κ) (2.15)
This means that variation in the gain is always followed by index change, that shifts
the mode frequency. As said, this property is very relevant in the analysis of the laser
linewidth, since small changes in the gain, due to fluctuations in the carrier number,
induces changes of the phase, i.e. contributes to phase noise.
Once obtained the equation for photon density, it is necessary to describe the
carrier in time, dependent on the pump – written as a current I in the rate equations,
provided by electrical injection or through optical absorption. Analogous to the photon
rate equation, it is usual to work with carrier densities n¯, with total number N = n¯V .
Without loss of generality, we consider that the active region material is intrinsic, ideally
undoped, such that electrons and holes densities are equal (if not, the charge balance that
guarantees the neutrality has to be accounted for). In a phenomenological framework, we
may easily describe dn¯
dt
as the difference between injected and recombined carrier rates.
Such interpretation is derived by the continuity condition that comes from the diffusion
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equation, which rules the electronic transport: ∂n¯
∂t
= D(∇2n¯) + J/(q d)− R(n¯), where D
is the diffusion coefficient, J is the current density (I divided by the transversal section
area), q is the electron charge and d is the active layer thickness. R(n¯) is the total
recombination rate, considering radiative and non-radiative processes. Originally, n¯ is
function of both space and time and the diffusion depends on the device geometry – for
more complicated structures, the diffusion term has to be taken into account. Assuming
approximately uniform carrier density in the active region and high injection efficiency4,
the diffusion term is negligible and we get
dn¯
dt
= J
q d
−R(n¯) (2.16)
In general, R(n¯) is described as
R(n¯) = Anrn¯+Bspn¯2 + CAugern¯3 +Rst (2.17)
The first term refers to the non-radiative recombination rate due to defects, composed of
contaminating atoms and dislocations, mostly grown in during the epitaxy. They create
a continuum of states in their vicinities, such that an electron or hole may diffuse and get
trapped in one of these created levels unbound to the crystal5. This term also accounts
for recombination in surface states, which are similar perturbation caused by the interface
between different materials, intrinsically disturbing the band structure. The third term
accounts for non-radiative recombination in a different form, known as Auger, where the
electron-hole recombination provides energy to excite another carrier, from VB or CB,
which relaxes back to equilibrium by transferring the extra energy to phonons and heating.
The radiative mechanisms have two forms: spontaneous recombination, represented by
the quadratic term Bspn¯2 = Rsp (Bsp is called bimolecular recombination coefficient),
where electron and hole recombine emitting a photon; and stimulated recombination, with
rate Rst = G¯p, originated from interaction with an optical field, such that the photons
emitted are coherent. Both phenomena are connected, as explicit in the calculation of
gain (Appendix A).
The set formed by 2.14 and 2.16 is know as laser rate equations and describes
with accuracy static and dynamic properties of semiconductor laser. Exception is made
for ultra fast phenomena in semiconductor material, which have to be treated considering
quantum effects and many-body calculations, and so the density-matrix formalism is more
appropriate and complete, requiring more elaborate calculation [87].
4The pump term must be multiplied by a coefficient for internal efficiency, concerning the efficacy of
conversion of carrier to spontaneous emission.
5In special, there are the so called mid gap states, energy levels formed within the semiconductor
bandgap. They act as attractors, realizing trap-assisted recombination, where the electron from VB gets
to the CB passing through a mid gap state.
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2.1.3 Steady state and dynamic analysis
Important laser parameters, such as the threshold current Ith, come from
handling the set of equations formed by 2.14 and 2.16. To the following analysis, we will
disregard non-radiative recombination rates, consider Γ ≈ 1 and use a simplified model for
gain, dependent only on carrier number in a linear approximation, G¯(n¯) = vgGn¯(n¯− n¯tr),
where n¯tr is the carrier density for transparency (where G¯(n¯tr) = 0). Then 2.16 becomes
dn¯
dt
= I
q V
−Bspn¯2 − G¯n¯(n¯− n¯tr)p (2.18)
with vgGn¯ = G¯n¯. Steady state properties are obtained by setting the time derivatives to
zero, dp
dt
= 0 and dn¯
dt
= 0. Below threshold, I < Ith, n¯ is low such that Rst ≈ 0 and then
n¯ ∼
√
I
Bsp q V
. For photons, considering a single lasing mode, from 2.14 we get
p = βRsp
(κ− G¯) (2.19)
p is inversely proportional to losses minus gain, deriving the threshold condition G¯th = κ,
point from where the photon density starts to grow and this relation diverges. Hence,
we get n¯th = n¯tr + κ/G¯n¯ and Ith = Bspn¯2thqV . In fact, the gain after threshold assumes
fixed value G¯th, following the constraint on carrier density n¯(I > Ith) = n¯th, due to the
balance between injection, spontaneous and stimulated emission: higher injection leads
to more recombination events and then the extra carriers are always consumed, clamping
the carrier density. Nevertheless, the excess energy due to higher I is transfered to photon
number: with gain slightly above the losses, 2.19 shows that the equilibrium for photon
density is close to a divergence point and small variations of carrier and gain leads to fast
change of p, getting to new steady state value p0. This reflects in the dynamic behavior,
as we will see later on. The steady state problem has to be solved numerically to find the
solutions n¯0 and p0:
I
q V
−Bspn¯20 − G¯0p0 = 0 (2.20)
βBspn¯
2
0 + (G¯0 − κ)p0 = 0 (2.21)
Fig. 2.4 shows this typical set of solutions for a microlaser6, with the clamp of carrier
density after threshold followed by rapid increase of photon density with the current.
6The parameters used to obtain the figures 2.4, 2.5 and 2.6 were: disk with 3µm radius and thickness
of 230 nm, with optical resonance at λ = 1550 nm and neff = 3. Laser properties – considering linear
approximation for the gain: β = 10−4, Bsp = 10−16 m−3/s, αi = 500 m−1 (Qi = 2.5 × 104), Qe = 104,
n¯tr=7×1023m−3, G¯n¯ = 1.5×10−20m2 (later multiplied by the confinement factor, taken that the optical
mode stay in the edge, in a circular crown of 1µm width); in the dynamic simulation, the ratio I/Ith was
2.0, such that ΩR/2pi = 1313 MHz.
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Figure 2.4: Steady state solution (n¯0, p0) numerically obtained for a typical diode laser,
depending on the injected current normalized by the threshold current Ith. Before threshold,
carriers increase as
√
I/(BspqV ) while the photon density is negligible. Above Ith, we observe
the carrier clamp and the increase of p0 due to stimulated emission.
Analysis of the dynamics is relevant above the laser threshold. Under current
injection with constant value, the cavity presents transient behavior during a short interval
of time before reaching the continuous-wave (CW) operation, where the carrier and photon
numbers are fixed. Such transient results from the coupling between carriers and photons,
forming a stiff problem: changes in n¯ leads to fast modifications of dp
dt
and they both relax
until reach again the steady state. Usual investigation of these oscillations is done through
small signal analysis, in which it is supposed that the solutions on time are given essentially
by the steady state with small fluctuations: n¯(t) = n¯0 + δn¯(t) and p(t) = p0 + δp(t). The
gain is G¯ = G¯0 +vgG¯n¯δn¯, with G¯0 equal to the value of net gain rate at steady state – one
may also consider here the dependence of gain on photon number, which we will neglect
now. The rate equations for the fluctuations are
˙δn¯ = −ΓNδn¯− G¯0δp (2.22)
δ˙p = −ΓPδp+ (G¯n¯p0 + 2βBspn¯0)δn¯ (2.23)
with respective damping rates
ΓN = 2Bspn¯0 + G¯n¯p0 (2.24)
ΓP =
βBspn¯
2
0
p0
(2.25)
Dependence of the gain on photon number would be added to the damping ΓP. Usually
∂G
∂p
is negative, such that at high intracavity optical energy there is suppression of the
gain, although it is less or around 1%. This factor induces linewidth reduction, evidenced
by the relation given by the Schawlow–Townes linewidth [88]. Continuing the small signal
derivation, equations 2.22 and 2.23 are solved in the frequency space, taken the Fourier
transforms δ ˜¯n(ν) =
∫∞
−∞ δn¯(t)eiνtdt and δp˜(ν) =
∫∞
−∞ δp(t)eiνtdt. The equation in ν can
be solved to show that the coupling between δn¯ and δp leads them to oscillate at the
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complex frequency ν = ΩR + iΓR7, with
Ω2R = G¯0(G¯n¯p0 + 2βBspn¯0)−
(ΓP − ΓN)2
4 (2.26)
ΓR =
ΓP + ΓN
2 (2.27)
ΩR is the common frequency in which carrier and photon fluctuation oscillate, being called
relaxation oscillation frequency (ROF) of the laser, with respective damping ΓR. Fig.2.5
shows the typical temporal evolution of n¯(t) and p(t), consistent with the description
above: both present these oscillations that decay on time and then the system achieves
the steady state.
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Figure 2.5: Time evolution of carrier (green line) and photon (red line) densities, both normalized
by the steady state solutions n¯0 and p0, for a constant injected current above the threshold.
The system exhibits relaxation oscillations before it reaches its steady state.
The expression for ΩR in 2.26 can be simplified, since the most relevant term
is the first one at the right side, then ΩR =
√
G¯0G¯n¯p0 and
ΩR ≈
√
G¯n¯
I− Ith
qV
(2.28)
where we used p0 = (I − Ith)/qV G¯0 (on 2.20, use n¯0 ≈ n¯th). The dependence of ΩR on
the current, as well the behavior of the dampings ΓN, ΓP and ΓR are shown in Fig.2.6.
As expected, ΩR grows with the current and so does ΓR, being dominated by the carrier
fluctuation damping ΓN; ΓP is the only term that decays with the current, directly related
to the decrease of the linewidth.
This analysis shows that the laser presents these oscillations right after is
turned on, what it takes few nanoseconds to occur. However, any other oscillation during
CW mode may put carrier and photon to oscillate. Therefore, when current modulation
is wanted these parameters shall be known, since the laser always answers more effectively
7We used here the letter ν for the Fourier frequency, though the letter ω is usually employed. Since
we used ω before to designate the lasing frequency, this choice is made to clarify that the fluctuations
oscillation frequency is different from it.
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Figure 2.6: ΩR and dampings ΓN, ΓP and ΓR with respect to the current.
for frequencies around ΩR, understood as a natural resonance of the system formed by
carrier and photons.
Laser linewidth and noise
Random carrier recombination and photon generation events produce small
fluctuations in the respective intensities, even in the absence of current modulation.
We derived the behavior for the process of turning the laser on, but these fluctuations
are always present in the laser emission at smaller amplitude, generating noise in the
intensity and in the phase. An intrinsic contribution comes from the discrete nature of
photons and carriers, called the shot noise, and it can be treated by Langevin equations.
Under hypothesis of Markovian processes (spontaneous emission is based on stochastic
events), Langevin forces are added to the rate equations, with coefficients related to
the particles diffusion. Spectral analysis provides then the intensity noise (fluctuation in
photon density) and the phase noise, related to the fluctuation of the emission wavelength
(spectral linewidth). Rigorous analysis is extensively done in the literature and we
don’t show it here since it is not the focus of this work. Nevertheless, we emphasize
the importance of the factor ζ in the linewidth, whose minimum value is deduced in
the modified Schawlow–Townes linewidth: ∆ω = (1 + ζ2)βRsp,04pip0 – notice that ∆ω is
proportional to the fluctuation damping rate ΓP = βRsp,0p0 (Rsp,0 = Bspn¯
2
0) [88].
2.2 Cavity optomechanics
In Chapter 1, the main achievements of optomechanics in microcavities were
briefly discussed. It was brought up the fact that most of the demonstrated systems rely
on the dispersive coupling mechanism between optical field and mechanical oscillation.
Description of this interaction and its effects are derived by connecting the respective
motion equations through the resonance shift and optical force. Thus we show here the
description of the optical and mechanical resonators at first, as usual in optomechanics [9],
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and then present the formalism for the optomechanical coupling.
2.2.1 Optical and mechanical motion equations
Similarly to what was done in section 2.1.2, the optical cavity is solved from
Maxwell’s Equations, considering the passive regime – photons have energy below the
material bandgap, with no absorption or gain (transparent material, n˜ref = n0). It
is convenient to use an energy framework, in which the complex light amplitude a is
normalized to the total number of photons in the cavity: a∗a = Pcav. Such choice is
convenient for describing the input field which pumps the cavity, measured in units of
power. Any processes that induce a decrease in the intracavity energy are incorporated
in the decay rate κ: mirrors imperfections generate the coupling rate κe, allowing the
intracavity field to couple with the external environment (input and output channel),
while internal losses are accounted by the intrinsic loss κi, then κ = κe + κi. From
the decay rate we get the photon lifetime τP and the optical quality factor Qo, as they
have been defined previously; these quantities may be individually derived for κe or κi as
convenient.
The temporal description for a may be obtained through the electromagnetic
fields equations, coupled mode theory or in an equivalent manner via input-output
theory [89–91]. Any route taken, the formalism is based mainly in energy conservation,
guaranteed that the resonator has low loss and the input of photons is realized through
a coherent channel connected to the cavity by an external coupling constant √κe –
more details about external coupling are discussed in Appendix C. In the input-output
formulation, the system Hamiltonian is written for the photon annihilation (creation)
operator aˆ (aˆ†), the Heisenberg equations of motion are applied and, for the classical
approach, the averaged form is used: a = 〈aˆ〉, a∗a =
〈
aˆ† aˆ
〉
= Pcav. The obtained equation
for a is: da
dt
= −iΩcava − κ2a +
√
κeaine
−iΩLt, with Ωcav equal to the cavity frequency in
absence of excitation, as before, and ain normalized to the rate of photons launched into
the cavity through the input channel. In the rotated frame (a→ a e−iΩLt), it is written as
da
dt
= i(ΩL − Ωcav)a− κ2a+
√
κeain (2.29)
Comparing to the laser cavity derivation, we may associate a(t) to E(t)e−iωt (2.5), in the
sense that the field oscillation frequency is written explicitly in the second case and it is
still built-in in a(t). The subtle difference is that ω establishes the lasing frequency in
the cavity, while for the passive cavity the oscillatory frequency of a(t) is driven by the
excitation ain, with frequency ΩL. In equations 2.11 and 2.29, ω and ΩL have the same
role and the cavity resonance Ωcav is a reference frequency, such that the detuning from it
establishes the phase dynamics. An essential difference is that the mismatch in the laser
is caused by optical loss and by the chirping term, eventually reaching a steady value,
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while the passive cavity phase is continuously driven by the coherent input at ΩL.
Following with the description of the mechanical resonator, it is necessary to
find its normal modes, which are the solutions for the elastic equations when applied the
boundary conditions of the structure [92] – the eigenfunctions u(i)(r) correspond to the
displacement pattern and the associated eigenvalues Ωm(i) are the set of normal modes8. In
this context, it is very useful to apply computational methods, based on Finite Elements
Method (FEM) simulations, to obtain the strain field for complicated structures, which
may not be analytically solved.
We will consider from now on a single mechanical mode, with intrinsic damping
Γm and mechanical quality factor Qm = Ωm/Γm. Under the action of an external force,
the resonator displacement is given by the field U(r, t) = u(r)x(t). With u(r) normalized
(Max{|u(r)|} = 1), the amplitude x(t) simply follows the equation for an harmonic
oscillator:
d2x
dt2
+ Γm
dx
dt
+ Ω2mx =
Fext(t)
meff
(2.30)
where meff denotes the effective motional mass, defined as meff =
∫
ρ |u(r)| d3r. At this
point, the normalization of u(r) is relevant, since it guarantees the scaling of x(t) and
meff, both inputs for the calculation of the potential energy, meffΩ2m 〈x2(t)〉 /2. Equation
2.30 is more suitably solved in frequency space (which is also more compatible with
the experiment). This is done performing the Fourier transform for x(t) and Fext(t),
x˜(ω) =
∫∞
−∞ x(t)eiωtdt and F˜ (ω) =
∫∞
−∞ Fext(t)eiωtdt, such that we have the relation x˜(ω) =
χxx(ω)F˜ (ω), where χxx(ω) represents the mechanical susceptibility:
χxx(ω) = [meff(Ω2m − ω2)− imeffΓmω]−1 (2.31)
It is interesting that χxx(ω) carries all the information about the resonator and directly
connect the force to the oscillator response. As expected, the low frequency response
is related to the spring constant K: χxx(0) = 1/(meffΩ2m) = 1/K. Also, around the
mechanical resonance, ω ≈ Ωm, we may simplify χxx(ω) = {meffΩm[2(Ωm − ω)− iΓm]}−1,
using Ω2m − ω2 ≈ 2Ωm(Ωm − ω).
2.2.2 Optomechanical coupling and dynamical backaction
The simple sketch of the Fabry-Perot allows one to understand and perform
this derivation, as cited before. In this cavity, two highly reflective mirrors are separated
by a distance L such that the optical resonances are described by ΩFP = cn0
mpi
L
, with m
8These equations consist on the combination of Hooke’s law and Newton’s second law for solids,
resulting in the modal equation ∇ · (c : S) = −ρΩ2m(i)u(i)(r), where c is the material stiffness, S is the
strain tensor and ρ is the material density.
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integer. When one of the mirrors is allowed to oscillate, the size is written L = L0 + x(t)
and then
Ωcav(x) =
c
n0
mpi
L0(1 + x/L0)
= ΩFP(1− x/L0) (2.32)
provided that x(t)  L0 and ΩFP = Ωcav |x=0. In this way, the cavity frequency was
naturally written in first order of x(t), identifying the expansion
Ωcav(x) = Ωcav,0 +
∂Ωcav
∂x
x = Ωcav,0 + gωx (2.33)
where it was defined gω = ∂Ωcav/∂x, equal to −ΩFP/L0 for the Fabry-Perot. This quantity
is denominated optomechanical coupling factor and it establishes the interaction strength
in terms of frequency shift per unity of length. While gω describes the resonance shift,
other necessary element is the radiation pressured which will drive the mirror motion. We
obtain it from the intracavity energy, written U = ~ΩcavPcav. Considering a conservative
system, the force is Fopt = −dUdx = −~Pcavgω. Combining then 2.29, 2.30 and 2.33, we
obtain the coupled equations for the optomechanical system:
da
dt
= i∆(x)a− κ2a+
√
κeain (2.34)
d2x
dt2
+ Γm
dx
dt
+ Ω2mx = −
|a|2 ~gω
meff
(2.35)
in which we define the detuning ∆ = ΩL − Ωcav and ∆(x) = ∆− gωx. Although we used
the Fabry-Perot example, the set of coupled equations are general and valid for any kind
of geometry with dispersive optomechanical coupling and subject to conservative optical
force. For the Fabry-Perot, gω is derived from its geometry, with optics and mechanics
connected through the moving boundary mechanism – the cavity’s edges motion induce
variation of the refractive index in the space around the cavity boundaries, leading to
frequency variation [93]. Other possible mechanism is the photoelastic effect, and then
gω will depend on the material photoelastic tensor.
Derivation of dynamic effects is performed analogously to section 2.1.3, i.e. it
is assumed that the system reaches a steady state with a0 and x0 with fluctuations around
these values: a(t) = a0 + δa(t) and x(t) = x0 + δx(t). Applied to 2.34 and 2.35 we get
δ˙a = (i∆− κ2 )δa− igω(x0δa+ δxa0) (2.36)
δ¨x+ Γm ˙δx+ Ω2mδx = −
~gω
meff
(a∗0δa+ a0δa∗) (2.37)
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with
a0 =
√
κeain
−i(∆− gωx0) + κ/2 (2.38)
meffΩ2mx0 = − |a0|2 ~gω (2.39)
Similar to the previous procedure, the Fourier transform of δa(t) and δx(t) are taken to
obtain the expressions in the frequency space:
−iωδa˜(ω) = (i∆¯− κ/2)δa˜(ω)− igωa0δx˜(ω) (2.40)
meff(−ω2 − iωΓm + Ω2m)δx˜(ω) = −~gω(a∗0δa˜(ω) + a0δa˜∗(ω)) (2.41)
where ∆¯ is assigned with the modified static detuning: ∆¯ = ∆− gωx0. The right side of
2.41 is identified as the fluctuation of the optical force δF˜opt(ω), which can be obtained
using the relation δa˜∗(ω) = [δa˜(−ω)]∗:
δF˜opt(ω) = −~g2ω |a0|2
[
1
(∆¯ + ω) + iκ/2
+ 1
(∆¯− ω)− iκ/2
]
δx˜(ω) (2.42)
Notice that the expression for the optical force may be written as δF˜opt(ω) = −Σ(ω)δx˜(ω),
resembling the oscillator’s linear response to an external force: x˜(ω) = χxx(ω)F˜ (ω).
Indeed, considering the action of a test force, F˜ (ω), the perturbation due to an optical field
modifies the harmonic oscillator response. Explicitly, the response expression is modified
as [χ−1xx (ω) + Σ(ω)]x˜(ω) = F˜ (ω). A simple test is to consider the Brownian motion, the
mechanical excitation from the oscillator’s own temperature. The unperturbed resonator
has spectral response with peak at Ωm with linewidth Γm; however, when disturbed by
the optical field, it shifts from the central frequency and may have narrower or broader
profile. The optical spring and optomechanical damping, as they are respectively called,
can be derived then. The modification of the susceptibility is conveniently written
Σ(ω) = meff[2ωδΩm(ω)− iωΓom(ω)] (2.43)
and then [χ−1xx (ω) + Σ(ω)] = meff[Ω2m + 2ωδΩm(ω) − ω2 − iω(Γm + Γom(ω))], such that
δΩm(ω) = Re{Σ(ω)}/2ωmeff and Γom = − Im{Σ(ω)}/ωmeff:
δΩm(ω) =
~g2ωPcav
2meffω
[
∆ + ω
(∆ + ω)2 + (κ/2)2 +
∆− ω
(∆− ω)2 + (κ/2)2
]
(2.44)
Γom(ω) =
~g2ωPcav
2meffω
[
κ
(∆ + ω)2 + (κ/2)2 −
κ
(∆− ω)2 + (κ/2)2
]
(2.45)
The factor ~g2ωPcav/(2meffω) scales both terms and can be simplified by defining the
optomechanical single photon coupling strength g0, which is the frequency shift due to
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the displacement equal to xzpf – the zero-point fluctuation of the mechanical oscillator,
defined xzpf =
√
~/(2meffΩm): g0 = gωxzpf. The pre-factor is then g20Pcav(Ωm/ω), more
suitable in terms of scalability, eliminating the need to know the value of meff – as we will
see later, g0 is more accessible experimentally. The combination G = g0
√
Pcav is called
the light enhanced optomechanical coupling and it summarizes the coupling strength,
depending on the laser intensity.
Spectrally, the susceptibility modification by Σ(ω) is subtle in general (unless
in situation of strong pump), with slight change of the Lorentzian shape from its central
frequency and linewidth. It is a good approximation to calculate these rates for ω ≈ Ωm:
δΩm(ω ≈ Ωm) = g20Pcav
[
∆ + Ωm
(∆ + Ωm)2 + (κ/2)2
+ ∆− Ωm(∆− Ωm)2 + (κ/2)2
]
(2.46)
Γom(ω ≈ Ωm) = g20Pcav
[
κ
(∆ + Ωm)2 + (κ/2)2
− κ(∆− Ωm)2 + (κ/2)2
]
(2.47)
From this analysis, the system is equivalent to the modified forced harmonic oscillator,
with effective properties Ωeff = Ωm + δΩm and Γeff = Γm + Γom:
d2x
dt2
+ (Γm + Γom)
dx
dt
+ (Ωm + δΩm)2x =
Fext(t)
meff
(2.48)
In special, the intrinsic damping modification brings interesting effects. Since Γom may
be negative, we can have a situation where Γeff = Γm + Γom = 0, when the resonator
will present oscillations that no longer decay on time – similar to the laser threshold,
Γom represents a gain that overcomes the intrinsic loses, entering the called self-sustained
oscillation regime. To obtain that, we have to maximize the second term in the brackets
in 2.47, which occurs when ∆ = Ωm (compatible with the scattering picture from Fig.
1.1(b)). Also, it is desirable to make the first term minimal since it tends to increase
Γm, and this is provided by the condition κ  Ωm, the so called resolved side band
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Figure 2.7: Mechanical shift (a) and optomechanical damping (b) with respect to ∆/Ωm.
Colored lines represent different κ/Ωm ratios: 0.1 (blue line), 0.5 (green line) and 2.0 (orange
line).
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regime. Analogous conclusion is obtained when the opposite effect is wanted, the cooling.
Interestingly, the spring effect δΩm may reach zero at those conditions, and then radiation
pressure only affects the mechanical linewidth. Fig. 2.7 illustrates the influence of the
ratio κ/Ωm on the optical spring and optomechanical damping.
2.2.3 Dissipative optomechanical systems
Given the dynamical backaction results, it is clear the relevance of working in
the sideband resolved regime in order to get pronounced effects. In this sense, much of the
effort goes to the development of devices satisfying this requirement – it means to pursue
high optical quality factor and geometries that allow high frequency vibrational modes.
On the other hand, there is an ongoing search for schemes that relax this condition, as the
mentioned hybrid optomechanical systems. With this in mind, it was suggested in [94]
to explore the optomechanical interaction between the vibrational mode and the optical
decay rate, called dissipative optomechanical coupling. It was shown then that a system
exhibiting decay rate κ modulated by the mechanical resonator, with optional dispersive
coupling as well, may achieve ground state cooling even in the bad cavity regime.
The primary model for dissipative optomechanics follows the input-output
formulation, added to the Hamiltonian interaction with an optical bath. The cavity may
also present the dispersive coupling, and the dissipative interaction is included in the
coupling rate with the bath κe(x). Analogously to Ωcav(x), it is defined
κe(x) = κe,0 +
∂κe
∂x
x = κe,0 + gκx (2.49)
where gκ is the dissipative optomechanical coupling factor. Given a coherent mode from
the bath which drives the cavity, the motion equation for photon operator shows the
connection between cavity decay rate and external coupling constant:
daˆ
dt
= −iΩcav(x)aˆ− κe(x)2 aˆ +
√
κe(x)aˆin(t) (2.50)
considering negligible internal losses. aˆ and aˆin are the annihilation operators for
intracavity photon and input field, respectively – for more details about this derivation,
see Appendix C. The averaged form can be obtained through Coupled Mode Theory
and it is possible to show the dependence of κe with the cavity length for a Fabry-Perot
cavity [90], with discussion detailed in the next chapter.
With these possibilities, there is a search for systems that exhibit this kind
of optomechanical coupling. From the Fabry-Perot example, apart from the intrinsic
dependence of κe with the length, dissipative coupling may be easily added by a torsional
mode in the mirror, such that rotation allows light to escape the cavity – see schematic
in Fig. 2.8. The most direct application of this scheme for dissipative coupling is
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Figure 2.8: Example of dissipative optomechanical coupling scheme in a Fabry-Perot cavity: the
mirror has a torsional mode, such that its position and alignment changes. When the vibration
is excited, intracavity light escapes due to this rotation, changing the decay rate of the cavity.
demonstrated in [95], where it is shown enhanced sensitivity due to this different approach
in a nanobeam cavity. Considering near field interaction, whispering gallery resonators
coupled to waveguides are good candidates too, since the amount of light entering the
cavity from the input waveguide depends directly on the gap between them [96] – following
this idea, demonstration on disk coupled to suspended waveguide was done in [61].
Another already explored geometry is the interferometric system with membrane in the
middle, called Michelson-Sagnac Interferometer [97]. Such system has the versatility of
tunable dissipative coupling and manage to null the dispersive contribution; also, cooling
in the non-resolved sideband regime was demonstrated with this kind of system [98].
Even with the demonstrations and theoretical treatments, a real difficulty of
working with these systems is the inherent non conservative character. Remark that
the modeling considers a coherent mode from the bath to make it possible to quantify
the effects. Nevertheless, they represent a interesting route for systems to flee from the
requirements of dispersive systems, such as the resolved side band regime.
2.3 Overview remarks
We have discussed the most important features from semiconductor lasers
and optomechanics in cavities. The topics shown here were chosen in perspective of the
knowledge required to understand our proposed model. Also, these points are necessary
to later compare the behavior of a usual semiconductor laser with one that exhibits
mechanical degree of freedom and significant optomechanical coupling. This review gives
the tools to build the model, based on a semi-classical framework, and the mechanisms
for optomechanical coupling, dispersive and dissipative, considering the effects we wanted
and expected to see.
The derivation of the usual laser rate equations was presented, with the proper
approximations to get the final set of equations for photon (2.14) and carrier number
(2.18), satisfied the conditions of linear susceptibility, fast response of the semiconductor
material compared to the system lifetimes, and dielectric constant that may be spatially
averaged. In this context, the interaction between the mechanical oscillator and the laser
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oscillation in our system shall be properly modeled in this approach, since the typical
mechanical lifetime is much larger than the time scale of the light-matter interaction –
given that, the discussion about coupling between mechanical oscillator and laser cavity
is presented in the next chapter.
47
Chapter 3
Model for active optomechanical
resonator
In this chapter we present our proposed semiclassical model for the
optomechanical laser, combining the usual treatment for passive cavities and laser rate
equations. The discussion about coupling between light and mechanical motion shows that
a generalized scheme of optomechanical interaction is required in order to build a model
without external drive and with effects over the light emission intensity. Such scheme is
based on the simultaneous dispersive and dissipative optomechanical couplings: while the
optical force results from the usual dispersive mechanism, feedback only exists when the
optical loss is also mechanically modulated. After that, the system is described by a set of
motion equations for carriers, photons and mechanical displacement, allowing the study
of its dynamics. The optical spring effect and the optomechanical damping are derived,
with an interesting aspect from the feedback: the coupling of vibration to laser relaxation
oscillations, which may lead to self pulsed emission. Such effect occurs from certain
value of overall optomechanical strength, with trade off between the optoelectronic and
optomechanical properties. Finally, we discuss the model limitations and the challenges
on the design of an optomechanical laser.
3.1 How to couple laser light and motion?
The essence of dynamical backaction in optomechanics is the phase difference
between the optical force and the motion. Such delay is controlled by the cavity drive
ain, which establishes the intracavity photon number and the detuning ∆ = ΩL − Ωcav.
Nevertheless, we have seen in the prior analysis that this drive is non-existent for a laser
cavity in the most general case. Usually, the laser is pumped by the current injection
(or the equivalent carrier rate created by optical pump) and photons are added to the
cavity by the noisy process of spontaneous emission, i.e. the source equivalent to ain in
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the laser is inherently incoherent. Therefore an intrinsic difference from our model to
usual optomechanics is the absence of the external coherent drive. We also compared the
field’s description for a laser cavity and for an optomechanical resonator: disregarded the
carrier induced index change, which connects the gain and optical frequency, there is no
feedback between optical amplitude and the phase, which is modified by the mechanical
displacement. The frequency shift due to the mechanical modulation should have then a
similar effect to the chirping due to index change, i.e. affect the spectral linewidth. In
time domain, the mechanical mode would be excited during the process of turning the
laser on but, since there is no optomechanical feedback, this oscillation shall decay due to
its intrinsic damping while the laser reaches CW operation. The result is a shift from the
rest position, affecting the steady value of the lasing frequency, but no interesting effects
are generated in the dynamic perspective. Consequently, since we were interested in laser
backaction effects, we should promote the sustained mechanical oscillation through other
means.
Different forms of coupling light and mechanical motion were sought
alternatively to the usual dispersive coupling in order to allow feedback. As mentioned in
Chapter 2, a different approach consists in considering a dissipative coupling model, where
the decay rate is also modulated by the mechanical displacement. It is not straightforward,
however, how gκ depends on the cavity geometry. While the dispersive coupling is
associated to mechanisms such as photoelastic effect or moving boundaries and it can be
calculated through perturbation theory, the dissipative coupling may depend on specific
properties of the cavity and be connected to a dissipation process, not necessarily bound to
a general model. To get some intuition about it, we go back to the Fabry-Perot example.
It is noted indeed that not only the resonances depend on the cavity length but also on the
loss related to the mirrors imperfection, such as κe ∝ 1/L [97]. It is usual to write αmirror
as (1/L) ln(1/R) for Fabry-Perot lasers, where R is the product of each facet’s reflectivity,
R = r1r2 [88]. Defining the optical quality factor Qo separated in contributions of intrinsic
losses (Qi) and of the mirrors (Qe), as done before for αtot and κ, we write
1
Qo
= 1
Qi
+ 1
Qe
(3.1)
This is convenient since light passing through the mirror, related to Qe, corresponds to
the amount which may be collected by an output channel. With vgαmirror = κe = Ωcav/Qe,
we recover the photon rate equation as
dp
dt
= (G¯− κ)p+ βRsp =
[
G¯− vgαint − Ωcav
Qe
]
p+ βRsp (3.2)
From that we have a first intuition about the dissipative coupling, associating the escaping
light term with Ωcav = Ωcav(x). It holds true for a Fabry-Perot with movable mirror in
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the x-axis: in the first order, where κe(x) = κe,0 + gκx, we get κe,0 = (vg/L0) ln(1/R)
and gκ = −κe,0/L0 = −Ωcav,0/(QeL0), i.e. gω and gκ are connected through the optical
quality factor the same way as their generating quantities: Ωcav/κe = gω/gκ = Qe. In
other words, a possible simplification is
Ωcav(x)
Qe
= Ωcav,0
Qe
+ gωx
Qe
= κe,0 + gκx (3.3)
This is true for systems where Qe does not change with the mechanical displacement –
in this Fabry-Perot analysis, it depends on the mirror reflectivity, which is constant1.
An issue in this simplification is the limitation for gκ by the usual high Qe, making the
dissipative coupling modeled in this form ordinarily small.
Another example of dissipative coupling is a microdisk cavity coupled to a
tapered fiber: the extrinsic coupling rate (taper-to-disk) is written κe(g) = κe,0e−ξg, where
g is the gap between the disk and the taper and ξ is the spatial decay constant [96]. For
small variation around a certain distance value, g = g0 + x, we may expand κe(g0 + x) =
κe,0e
−ξg0(1 − ξx) and gκ = −ξκe(g0). Although it does not depend directly on gω, it is
connected to Qe through κe,0 (the decay rate for zero gap).
Nevertheless, in a more general form Qe may as well change with the
mechanical deformation. It is remarkable that some examples of optomechanical laser
resonators in Chapter 1 implicitly explore this aspect – in [31] and [35] the phenomena
interpretation goes through writing the mirror reflectivity as R(ω) or R(λ) and then the
term ∂R/∂ω or ∂R/∂λ has the equivalent role of gκ (highlighted that the observed effects
involve also other properties of these systems). Thus it is clear the relevance of both
optomechanical coupling forms being present in the active optomechanical cavity in order
to have feedback.
Therefore some aspects are established about the coupling between laser
oscillation and mechanical vibration in an active optomechanical resonator. The most
important is the building up for a model without the control features of the usual
framework, namely the driving field and its detuning from the cavity resonance. Laser
feedback must then occur through additional mechanisms besides the dispersive coupling,
taking benefit from the dissipative scheme. As concluded in Chapter 2, the semiclassical
approach is adequate for our intended system, based on semiconductor gain medium, and
a set of motion equations for photon number, carrier density and mechanical amplitude
shall describe the optomechanical laser. We remember still that the phase equation must
be recalled if treatment of the noise and laser linewidth is desired, not covered by the
scope of this work.
1Here it was considered only the intrinsic dependence of κe with the cavity length, in contrast to an
additional torsional mode of the mirror (Fig. 2.8), where there is change of the effective reflectivity.
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3.2 Generalized laser rate equations
Given the discussion held so far, we recover from Chapter 2 the equations for
photon (2.14) and carrier densities (2.18) and for the mechanical amplitude (2.35), to form
the set of rate equations of the optomechanical laser. The dissipative optomechanical
coupling is added in the photon decay rate as κ(x) = κi + κe(x) = (κi + κe,0) + gκx.
Considering the analysis in Appendix C, the generalized optical force here is exclusively
derived from the radiation pressure term, proportional to |a|2, i.e. the intracavity photon
number2 P = pV . The set of equations is then
dn¯
dt
= I
q V
−Bspn¯2 − G¯p (3.4)
dp
dt
= [G¯− κ(x)]p+ βBspn¯2 (3.5)
d2x
dt2
+ Γm
dx
dt
+ Ω2mx = −
pV ~gω
meff
(3.6)
The gain G¯ may be written in the linear approximation with respect to n¯, as it was
presented before, or any other form according to the chosen gain medium – in the case of
a quantum well, the gain is better fitted by a logarithm function; for a quantum dot, it
highly depends on the optical frequency too, due to the narrow spectral transition.
One may have an idea about the system behavior by running numerical
simulation of the temporal evolution. We have chosen the disk design, which is a common
geometry for semiconductor lasers [56] and optomechanical resonators [43] – it was also our
first experimental choice, as shown and discussed later. This first step had a speculative
purpose, in order to gain intuition about the possible effects of the system, not restricted
yet to realistic values. Under this perspective, we took a typical cavity3 and numerically
evaluated n¯(t), p(t) and x(t), taking gκ as the value provided for coupling with a taper [96]
(which is compatible with gκ = gω/Qe). Considering the injection of a fixed current above
the threshold value, the process of turning the laser on is similar to the standalone active
cavity, presenting the relaxation oscillations in n¯ and p, while the mechanical oscillator is
simultaneously excited, vibrating in its own frequency. This initial situation is represented
in the left side of Fig. 3.1. After few nanoseconds, the laser seems to reach the steady
state and x(t) was kept monitored for a longer time, in terms of the mechanical period
2In this case, aout =
√
κe(x)a(t) in the classical form of the light amplitude input-output relation
(C.6), and then the dissipative term goes to zero (see C.10).
3The used parameters were similar to the Chapter 2 examples: disk with 3 µm radius and thickness
of 230 nm, with optical resonance at λ = 1550 nm and neff = 3. Laser properties: β = 10−4, Bsp =
10−16 m−3/s, αi = 500 m−1 (Qi = 2.5× 104), Qe = 104, n¯tr = 7× 1023 m−3, G¯n¯ = 1.5× 10−20 m2 (later
multiplied by the confinement factor, taken that the optical mode stay in the edge, in a circular crown
of 1µm width); in the simulation, the ratio I/Ith was 1.4 (ΩR/2pi = 830 MHz). Mechanical parameters:
Ωm/2pi = 500 MHz, Qm = 500, meff = 25 pg, gω/2pi = −100 GHz/nm, gκ/2pi = −10 MHz/nm. These
values are based on the calculation methodology shown in Chapter 4.
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Figure 3.1: Evolution of n¯(t), p(t) and x(t). The left side shows the initial behavior, similar
for the both sets of parameters: the laser turns on presenting the relaxation oscillations of
n¯ and p and rapidly they reach values around n¯0 and p0. At the peak of emitted light, the
mechanical resonator is excited and starts to oscillate at its natural frequency. Varying gω and
gκ conducts to different dynamics of x(t): with the typical values in (i), the amplitude decays
after a long time (in terms of the period τm = Ωm/Qm) due to its intrinsic damping, while in (ii),
for situation of high coupling, put by hand, it reaches self sustained oscillation; this regime is
followed by carrier and photon, also oscillating around an average value. The details correspond
to n¯(t) and p(t) around t = 10 τm (interval of 25 ns), highlighted in the mechanical plot.
τ−1m = Ωm/Qm. Once the laser reaches a steady state, the actuating optical force is static,
causing a shift x0 from the rest position, and the motion amplitude then decays on time
(Fig. 3.1(i)). This means that the damping Γm is very weakly affected by the optical
force. However, this does not provide conviction about the absence of effects since it
could correspond to a non optimized situation. The most direct way of checking about
possible effects is forcing the system to high coupling factors gω and gκ. By sweeping
their values and inspecting the time evolution of x(t), it is observed that, at a certain
condition, the motion amplitude no longer decays over time4; instead, it reaches a regime
of fixed amplitude, i.e. the self-sustained oscillation. Reciprocally, n¯(t) and p(t) also
present fluctuations around n0 and p0, which now stand for average values, since a steady
state is no longer achieved (Fig. 3.1 (ii)). This is a regime of interest: from a constant
injected current we may obtain laser light intrinsically modulated in amplitude due to
the mutual coupling of carriers, photons and mechanical vibration. Given this result, we
shall discuss the feasibility of this demonstration, i.e. how to find a system with realistic
parameters to perform this effect. We proceed then with small signal analysis, in order to
understand the relevant cavity properties in the realization of self-sustained oscillation.
4For the proposed parameters, it was necessary to increase gω and gκ by 730 each.
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3.3 Small signal analysis
Analogous to what was done for the standalone laser in Chapter 2, it is
necessary to find (n¯0, p0, x0) by solving simultaneously 3.4, 3.5 and 3.6 with the time
derivatives going to zero:
I
q V
−Bspn¯20 − G¯0p0 = 0 (3.7)
βBspn¯
2
0 + (G¯0 − κ0)p0 = 0 (3.8)
x0 = −p0V ~gωΩ2mmeff
(3.9)
where κ0 = (κi + κe,0) + gκx0. The dynamic analysis is performed then in two steps.
First we evaluate the role of mechanical modulation in the photon density, what it means
to measure the dissipative coupling effect for the light intensity. Applying the solutions
based on small fluctuations n¯(t) = n¯0 + δn¯(t) and p(t) = p0 + δp(t) in 3.4 and 3.5, we get
the rate equations for ˙δn¯ and δ˙p – the first one is equal to 2.22 and the second corresponds
to 2.23 with the addition of the mechanical modulation rate:
δ˙p = −ΓPδp+ (G¯n¯p0 + 2βBspn¯0)δn¯− gκp0δx (3.10)
Notice that if the gain has the Lorentzian form, G¯(n¯) = vgGn¯ ln[ n¯+n¯sn¯tr+n¯s ], all these relations
are still valid by changing G¯n¯ → G¯n¯/(n0 +ns), where ns is a fitting parameter. Solving in
the frequency space, with the Fourier transform δp˜(Ω) =
∫∞
−∞ δp(t)eiΩtdt and the analogues
for δn¯ and δx, we obtain the transfer function H(Ω), defined as
H(Ω) = δp˜(Ω)/p0
gκδx˜(Ω)
= − ΓN − iΩΩ2R − (Ω + iΓR)2
(3.11)
This is the modulation depth on photon density per decay rate shift; its absolute value
establishes the modulation strength and its phase is related to the delay between photon
fluctuation and mechanical displacement, dependent on the sign of gκ. The peak value
of |H(Ω)| occurs for Ω ≈ ΩR, which is the expected for modulation of a semiconductor
laser – in this sense, 3.11 works similar to a laser susceptibility. The spectral dependency
of |H(Ω)| is shown in Fig. 3.2(a) for the same parameters used before and different
values of injected current: I/Ith goes from 1.1 (in purple) to 2.5 (in red). The curves
have Lorentzian-like shape, with peak position following ΩR, increasing with the current;
the peak value varies with I/Ith as seen in Fig. 3.2(b). From Fig. 2.6 in Chapter 2,
we can take some useful approximations valid for currents sufficiently larger than the
threshold value. Taking ΓR ≈ ΓN and Γ2R  Ω2R we can estimate the peak value as
|H(Ω)|peak ∝ 1/ΓR, i.e. the modulation is inversely proportional to the decay rate of the
relaxation oscillations – the faster they decay, the lower is the mechanical modulation
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Figure 3.2: Transfer function H(Ω). (a) Spectral dependency of |H(Ω)| for increasing values
of I/Ith, from purple to red. (b) Peak value with respect to the injected current – the points
represent the respective colored curves in (a).
transduction to light intensity. As ΓR has a modest growth with the current, the peak
value of H(Ω) tends to decay with respect to it. Low ratios I/Ith are not ideal in general
because they represent a range where the laser is not very stable, characterized by the low
ΩR and high fluctuations damping rates; this leads to low efficiency of transduction at
this region too. Therefore there is an optimum working region for the laser to couple with
the mechanical vibration and it is intrinsically connected to the relaxation process. In
terms of values, H(Ω) represents a relative quantity and the modulation depth is in fact
multiplied by gκδx˜ – if the mechanical amplitude is too small, the effect will be diminished
even at the point of peak transduction. Hence, the next step consists in considering the
optomechanical feedback and finding relations that allow the prediction of the necessary
conditions for the onset of sustained oscillations.
In the frequency space, the forced harmonic oscillator is given by
meff(−Ω2 − iΩΓm + Ω2m)δx˜(Ω) = −~gωV δp˜(Ω) (3.12)
The optical force fluctuation is δF˜opt(Ω) = −~gωV δp˜(Ω) = −~gωgκP0H(Ω)δx˜(Ω). Similar
to the case of passive optomechanical cavity, the mechanical susceptibility is modified by
Σ(Ω) = ~gωgκP0H(Ω). When Ω = Ωm, we obtain the expressions of the spring effect and
of the optomechanical damping:
δΩm(Ω = Ωm) = G2 ΓN(Ω
2
m − Ω2R − Γ2R)− 2ΓRΩ2m
(Ω2m + Γ2R)
2 − 2Ω2R(Ω2m − Γ2R) + Ω4R
(3.13)
Γom(Ω = Ωm) = G2 2Ωm(Ω
2
m − Ω2R + 2ΓNΓR − Γ2R)
(Ω2m + Γ2R)
2 − 2Ω2R(Ω2m − Γ2R) + Ω4R
(3.14)
where it was defined the overall hybrid optomechanical coupling strength G2 = gωgκx2zpfP0,
emphasizing the mixed character of the optomechanical interaction in this cavity. In the
first part of the analysis, we saw that the transduction is maximized for Ωm ≈ ΩR; in this
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condition and using ΓR ≈ ΓN and Γ2R  Ω2R we get
δΩm(Ωm ≈ ΩR) ≈ − G
2
2ΓR
(3.15)
Γom(Ωm ≈ ΩR) ≈ G
2
2ΩR
(3.16)
Interestingly, the spring effect is related to the relaxation oscillation damping and the
optomechanical damping is related to its frequency, i.e. the real and imaginary parts
of the involved frequencies are mixed. This is an inverted behavior when compared to
the usual dynamical backaction, where δΩm is related primarily to the detuning and Γom
relates to κ. Such character comes from the dual nature of the optomechanical coupling
here – while the force originates from the dispersive mechanism, mechanical modulation
of optical intensity occurs through the loss.
The relative shift δΩm/Ωm and damping Γeff/Γm with respect to the current,
which controls ΩR, are obtained from the numerical steady solutions (n¯0, p0, x0). Fig. 3.3
shows these quantities, assuming the same parameters we have used before. Comparing to
Fig. 2.7, the spring effect and optomechanical damping in a passive cavity, we observe that
the control knob changed from the detuning between the external drive and the cavity
resonance to the detuning between mechanical and relaxation oscillations frequencies.
Hence, the relative position between Ωm and ΩR is the key to dynamical backaction
in the optomechanical laser. Interestingly, the optical spring effect occurs only in one
direction, to increase or to diminish the spring constant – in this example, the laser only
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Figure 3.3: Spring effect (i) and effective damping (ii) in the optomechanical laser, both tuned by
the detuning between relaxation oscillation and mechanical frequencies, ΩR − Ωm. The control
is exerted through the current, which establishes ΩR (iii). In contrast with a passive cavity, the
spring effect occurs only at one direction – the spring constant is only softened by the laser.
From (ii), the amplification region is defined, where Γeff ≤ 0.
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softens the spring constant. This can be concluded from 3.13, where it is noticeable that
the term multiplied by G2 is always negative, and then the sign of δΩm depends on the
signs of gω and gκ. Regarding the Γom sign, from 3.14 it is seen that it changes when
Ω2m ≈ Ω2R−Γ2R, accessing a region of Γom < 0 – given the transduction smooth asymmetry
and intrinsic losses, the resonance between the relaxation process and mechanical vibration
is not exactly at ΩR; instead, it is modified by ΓR. Hence, the amplification condition
Γeff = Γm + Γom ≤ 0 is subject to the relative position between Ωm and ΩR. In Fig. 3.3(ii)
is seen that the amplification region, where Γeff < 0, is restricted to a small range where
Ωm < ΩR. Therefore, this analysis allows one to predict if it will be possible to reach self
sustained oscillation in a given cavity.
3.4 Laser and mechanical parameters trade-off
From the developed model, we are able to calculate the necessary cavity
specifications for the self pulsed emission demonstration. In the previous section, they
were freely manipulated for an illustration of the effects; however, for the chosen system,
we ended up with required non-realistic values of the optomechanical coupling. Hence,
next we shall look for a realistic device which could fulfill these conditions and realize
the experimental demonstration. The search for a feasible design became part of the
challenge, due to the intricate trade off between laser and mechanical parameters, which
also have to be compatible with a dissipative optomechanical scheme – notice that this
coupling engineering is yet modestly explored in the literature. Two main issues are readily
identified: the need of a system with relatively high mechanical frequency, matching the
typical values of the ROF (order of units of GHz), and high overall hybrid optomechanical
coupling strength, G2 – including gω, gκ, xzpf and P0.
Concerning the mechanical frequency, it has been already reported resonators
in the GHz range. They usually correspond to cavities with small volume, such as very
small disks [59] or photonic crystals and nanobeams [19]. Conveniently these systems
also present high dispersive coupling factors gω. However, a small volume naturally
corresponds to low average photon number P0; from the optoelectronic perspective, the
threshold current is reduced and further increase of the injection for higher optical energy
leads also to higher ΩR. This can be compensated by the differential gain reduction,
possible with the Lorentzian shape (since we have ∂G/∂n¯ = Gn¯/(n¯ + n¯s), ΩR has not
significant increase with higher carriers injection), but even so they presented unsuitable
parameters. Another possibility comes from typical devices with accessible high order
modes [42], but then the limitation switches to the obtained optomechanical coupling
factor, which tends to decrease. Despite the apparent demanded complexity, we could
find a suitable design, which is presented in details in Chapter 6.
In the following we discuss the limitations of our model. The first constraint
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is the prediction of effects only for amplification, since for cooling it is necessary to look
to the noise and then a quantum mechanics treatment would be appropriate, specially
concerning the spontaneous emission. We emphasize again that the approach taken here is
sufficient for our purpose. A more complex question comes from the system temperature.
Semiconductor material properties are highly dependent on the temperature, affecting the
gain and optical dispersion. It seems from our analysis that the self-sustained oscillation
results from a fine combination of the laser and mechanical parameters, while in a real
device they are subject to variation due to the temperature increase – directly induced
by the pumping, non-radiative recombination, excess free carriers or even by the high
confined optical power. It is imperative to design a cavity with robust working point,
to support the parameters acceptable even with small shifts of their ideal values. In
this context, the experimental achievement is required to test the model hypotheses and
limitations, reason for the instrumentation work developed and for the search of a realistic
device for physical realization.
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Chapter 4
Active microdisk design
The development of techniques for the fabrication and measurement of active
optomechanical devices was pursued in this thesis. The disk geometry was chosen for this
purpose, for being a versatile design applied to both microlasers and optomechanical
resonators. In this chapter, it is shown how to calculate optomechanical and laser
properties of a microdisk employing optical pump. A device based on gallium arsenide
platform was modeled, with optical gain provided by single quantum well, whose
experimental development will be shown in the next chapter.
4.1 Microdisks as starting devices
We have shown in the previous chapter the need to find a cavity with
suitable parameters to promote the self pulsed emission. Parallel to this theoretical
investigation, experimental work was undertaken in order to develop the instrumentation
for the fabrication and measurement of active optomechanical devices. Therefore it
was necessary to establish a first design to obtain an insight about the constraints
between mechanical resonator and laser behavior. Microdisks were the natural choice,
since our group has extensively worked with this geometry for semiconductor lasers and
optomechanics. In this way, we could use and improve the existing infrastructure in the
laboratory combined with the know-how about the laser structure design and expected
optomechanical properties. In this first experiment, a simple epitaxial structure was
desirable, then we decided to pursue a device with optical pump instead of the usual
electronic injection: there is no need for doped layers and electrical contact (it would
be necessary another pedestal at the disk top for the pad, as seen in [56], limiting the
mechanical quality and allowed modes). Besides, the fabrication is much simpler for the
optical pump design. Considering this choice, the most appropriate gain medium is based
on single or multiple quantum wells, as it will be discussed. In terms of the optomechanical
properties, it is interesting that different mechanical frequencies are allowed by changing
the disk radius, as well the optomechanical coupling factor. We also emphasize that at
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this stage of the research the dissipative optomechanical coupling was not a priority, as
desired from the model derivation, such that this resonator has the role of a building block
for further more complex designs.
The entire laser structure is based on the substrate choice, with two basic
platforms: indium phosphide (InP) or gallium arsenide (GaAs). The GaAs platform was
the approach adopted in the doctoral internship, with one year duration (the “sandwich
period”). Such collaboration was established with Dr. Favero’s team in MPQ – Université
Paris Diderot, where there is a strong background in GaAs optomechanical resonators –
conveniently they also work with the disk geometry. Hence we took benefit of a well
established know-how for the development of active optomechanical devices.
The disks radii range from sub-micrometric dimensions to few micrometers.
In the GaAs platform, the disk itself is based on GaAs, grown over a sacrificial layer of
Al-rich AlGaAs with few micrometers thick (80 % in Al, 1.8 µm thick). This allows high
etching selectivity with hydrofluoric acid (HF), forming a pedestal due to the isotropic
character of the chemical reaction with AlGaAs structure. Concerning the incorporation
of the gain medium, bulk GaAs is not a good material to be optically pumped since
it presents high surface recombination velocity and midgap states, enhancing the non
radiative recombination rate, even in a passivated device. Considering a quantum well, the
most compatible material to be grown was InGaAs, keeping GaAs as the barrier material.
A level of complexity is added to the device, since these materials are intrinsically lattice
mismatched – resulting strain may change the mechanical properties of the resonator.
Nevertheless, these QW’s are known to provide high material gain compared to other
ternary or quaternary alloys, such that it is possible to work with single quantum well
structure [99]. The emission wavelength for the combination InGaAs/GaAs ranges from
900 nm to 1 µm. Thus it is also possible to passively characterize the device at 1.5 µm,
when there is no material absorption of light, and the disk works as a passive cavity. In
the following, we will describe the design of these active devices in more details.
4.2 Optical modes
Dielectric microdisk cavities have been largely explored in the literature [56,
100,103], then we present only a brief review for insight about the problem. The circular
geometry favors optical modes that stay in the disk border, called Whispering Gallery
Modes (WGM). These modes are derived from Helmholtz equation for harmonic fields1:
∇2V(r) +
(
Ωn0(r)
c
)2
V(r) = 0 (4.1)
1They are obtained from the wave equation (2.4) in the absence of charges, considered E (r, t) =
E(r)e−iΩt, i.e. the amplitude of the field is constant on time. With 2.2b, the same equation is obtained
for H(r).
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where V(r) is the electrical or the magnetic field in space, E(r) or H(r) – indeed we
have six equations, corresponding to three components of each field. Confinement of
light to the disk occurs due to the refractive index contrast between its material and the
external medium (air or vacuum); schematic of the disk and the coordinates reference are
illustrated in Fig. 4.1(a). Two geometric properties of the disk are relevant: the circular
symmetry, which establishes an interference condition for the angular component; and
the fact that the radius R is usually much larger than the thickness t, analogous to a
slab waveguide. The latter allows for the usual approach of the effective index, where we
assume that there are two orthogonal polarizations, labeled transverse electric (TE) and
transverse magnetic (TM), and it is a good approximation that such modes are uncoupled;
they correspond respectively to Ez = 0 or Hz = 0 in the whole space. Once found one of
the non zero components, all the other follow from the equations connecting electric and
magnetic field and boundary conditions. Therefore, we solve the field in the z-axis, Vz
(either Ez or Hz), found by modification of n0(r) to an effective value, and it depends only
on the plane coordinates. The angular coordinate is also separable: Vz(r, φ) = Vz(r)eimφ,
where m is an integer, called azimuthal order, resulting
1
r
∂
∂r
(
r
∂Vz(r)
∂r
)
+
(
Ω2n2eff
c2
− m
2
r2
)
Vz(r) = 0 (4.2)
Thus the calculated field is described by Bessel functions. For each polarization, the
resonances are established:
Ωm,n =
c
neff
Xm,n
R
(4.3)
where Xm,n is the n-th root (radial order) of the Bessel function Jm(x). The associated
function for the field is then written proportional to the Bessel function Jm[Xm,n(r/R)] –
it is convenient to normalize the field, adjusting the constants in the wave solution.
It is notable that the refractive index is modified by the term dependent on
the azimuthal order, implying that the number of nodes around the disk affect the optical
energy radial distribution. Identifying the equivalent refractive index
n2eq = n2eff −
(
mc
Ωr
)2
(4.4)
It is seen that the second term decreases the effective index. In practice, confined modes
are favored by high neq, hence the mode position is pushed to the border, in order to
decrease the second term. Considering this point of view, the problem is equivalent to a
bended waveguide closed into a ring, as already shown in [100], leading to radiation loss
due to the curvature – in fact, this radiation field is resulting from complex m number
obtained from the exact solution.
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Figure 4.1: Optical modes of the microdisk. (a) Coordinates reference and disk labels: radius
R, thickness t and undercut ut. (b) Electric field profile in the cross section of the disk edge,
as indicated in the 3D schematic (top right corner). It shows the normalized intensity |E| for
the first radial order mode when λ = 943 nm and λ = 1563 nm. In the bottom right, the
components Er and Eφ for the longer wavelength are shown; Ez = 0 (TE mode). |E| and Er
are normalized from 0 to 1 and Eφ is normalized from -1 to 1 according to the color scale.
Simulations performed with R = 5µm, t = 200nm and ut = 4µm. All scale bars are 1µm long.
An useful estimation can be done for relatively large cavities, i.e. small
curvature. Under this condition, the light is less affected by the bending, such that
the curved waveguide interpretation is a good approximation for the radial order n = 1.
It is possible to establish then a round-trip condition connecting the cavity perimeter and
the effective wavelength: mλm/neff = 2piR, and the resonances are then
Ωm ≈ mc
neffR
(4.5)
Based on this relation, we have some foreknowledge about dependency with the radius.
For the same wavelength, obviously a bigger cavity will have higher azimuthal order.
However, the most important consequence is for the spacing between two resonances,
called free spectral range (FSR), a useful figure of merit in experiments with microdisks.
The difference Ωm+1 − Ωm results c/(neffR): the bigger the radius, closer the resonances
are to each other. While it makes it easier to find resonances in a large cavity, a positive
aspect considering that there is a limit in the range of the driving laser and detector, it
can be unfavorable when the linewidths are large, with spectral superposition of different
resonances, making it difficult to identify the numerous modes in the spectrum.
Considering the theoretical aspects of the WGMs, we present the simulations
of the disk. Taking advantage of the symmetry, it is possible to reduce the problem to
a 2D scheme, performing the calculations only at the edge cross section (Fig. 4.1(b)).
From this simulation, we obtain information about the azimuthal and radial order for
the desired wavelength, which is useful to compare with experiment later, and, more
importantly, to calculate the optomechanical interaction strength, as shown in the section
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4.4. Since ideally the devices present small pedestal, it has small influence on the mode
calculation and can be suppressed, saving computational memory and processing time.
Our computational tool is the commercial software COMSOL Multiphysics® (Version:
5.1), which is based on Finite Element Method (FEM), a numerical procedure for solution
of differential equations. Such tool is largely used for design of optical devices and more
details about the method, specially how it is used in our group (with modification of the
weak form for cylindrical coordinates), can be found in [54,101].
This study is done in the Electromagnetic Frequency Domain Interface (emw),
where the azimuthal mode number is an input and the wave equations are solved for
the optical frequency that matches the given m. Fig. 4.1(b) shows examples of field
profiles obtained for resonances in λ = 943 nm (nGaAs = 3.5, m = 95) and λ = 1563 nm
(nGaAs = 3.38, m = 46), taking the first radial order. From equation 4.5, the effective
indexes are 2.852 and 2.289 respectively, which means that confinement is favored to
shorter wavelengths (visible from the plot of |E|) – this is relevant for light collection,
usually coupled to a thin fiber through the evanescent field (more efficient then at 1.5µm).
Comparing the ratio of intracavity energy to the total energy, for the first case we have
99 % of the optical power inside the disk and 97 % in the second case. At last, we show
the non vanishing components are Er and Eφ, therefore a TE-like mode. Comparing with
|E|, it is noticeable that Er is dominant. Also, we observe that Eφ is responsible for the
radiation field, extended beyond the evanescent region, and it presents discontinuity in
the disk edge, what is extremely important for the optomechanical interaction.
4.3 Mechanical modes
Analogous to the optical field, mechanical modes of the disk present azimuthal
symmetry, characterized by an order number M . These normal modes are usually
separated in two categories with respect to the plane established by the disk: the ones
with deformation in z, named out of the plane or plate modes, and those who have only
appreciable vibration in the plane. In this second class, the so called breathing modes
stand out as the most important for microdisks, presenting purely radial displacement and
thus with efficient coupling to optical WGM in the cavity perimeter (Fig. 4.2(a,b)2). High
mechanical quality is achieved by decreasing the pedestal size, which reduces radiation of
the mechanical energy to the substrate and coupling between disk and pedestal modes –
in other words, reducing clamping losses.
We will consider only the solution with azimuthal numberM = 0 – this means
that the mechanical modes are excited by forward scattering of the optical field [54]. An
approximated solution can be found for the breathing modes, treated as a standing wave
in the radial direction. With this consideration, the mechanical resonance occurs when
2Due to the pedestal clamp, there is still residual deformation in z, but it can be neglected.
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the radius is a quarter of the mechanical wavelength (analogous to a closed tube, with a
node in r = 0 and constructive interference in r = R). Then resonances depend on the
radius as
Ωm
2pi =
vL
4R (4.6)
where vL is the velocity of longitudinal waves in the material. Such speed can be calculated
as vL =
√
c11/ρ, with c11 component of the stiffness tensor and ρ the material’s density
– for GaAs, c11 = 118.8 GPa, ρ = 5317 kg/m3 and vL = 4731 m/s [102]. This expression
is shown in Fig. 4.2, where we compared to the numerical results from FEM simulation,
showing reasonable agreement (slight deviation is due to the existing small deformation
in the z-axis).
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Figure 4.2: Radial breathing mode. (a) 3D representation of the mode. (b) Deformation profile
for R = 1 µm and R = 5 µm, with color scale of normalized |u|. All deformations are in
exaggerated scale for better visualization. (c) Mechanical frequency with respect to the radius.
The red curve is the approximated expression 4.6, while the dots were calculated from FEM
numerical simulation – the dot area is proportional to the effective mass, indicated in the legend.
When compared to the optical field, the analytical mechanical solution is
more complicated, requiring simplification of the boundary conditions. Works dedicated
to a profound analysis of the microdisk mechanical properties are available [101, 103].
Nevertheless, FEM simulations are once again an useful tool for the study of the normal
disk modes. Throughout this thesis we make a simplification considering GaAs ab
isotropic material3, such that it can be described by its Young’s module E and Poisson
ratio ν – although not exact, it allows the simulation in the 2D axisymmetric section,
analogous to the optical mode, and shows good agreement with experiment [103]. The
parameters for GaAs are: E = 85.90GPa and ν = 0.31. PDE interface (partial differential
3Anisotropy is measured by the factor 2c44/(c11 − c12); for GaAs, c11 = 118.8 GPa, c12 = 53.8 GPa
and c44 = 59.4 GPa, it results 1.83, while it’s equal 1 for an isotropic material.
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equations) is used for the mechanical eigenmode equation, applying boundary condition
of free oscillation in edge and fixed point in r = 0. From that, we obtain the normal
frequencies and effective mass (defined in Chapter 2), as shown in Fig. 4.2.
4.4 Optomechanical coupling rate
We proceed with the optomechanical coupling factor calculation. As mentioned
before, we will only consider the dispersive coupling here – a deep analysis on the method
of calculation of gκ is done in Chapter 6. Regarding gω, the problem was investigated
in details in [93] and it is a general reference for the adopted perturbation method. In
summary, the problem consists in a cavity, with eigenfields obeying the wave equation
4.1, with small changes on the boundary. Such deformations cause perturbation of the
dielectric constant, ∂/∂x. The modified fields are obtained by usual perturbation theory,
as well the respective perturbed eigenfrequencies. An interesting quantity is the relative
change of frequency gω = ∂Ω/∂x, calculated as
gω = −Ωcav2
〈E∗| ∂
∂x
|E〉
〈E∗|  |E〉 (4.7)
where E is the non-perturbed field. gω can be decomposed into two contributions
gω =
3∑
j=1
g
(j)
ω,MB +
6∑
k=1
g
(k)
ω,PE (4.8)
The first term results from local change of the refractive index in the outer limits of the
cavities, named moving boundary (MB). The second comes from strain induced index
change in the material, called the photoelastic effect (PE). The contribution from moving
boundary can be explicitly calculated as
gω,MB = −Ωcav2
∮
S u⊥(δMBE∗‖ · E‖ − δ−1MBD∗⊥ ·D⊥)dA∫
V (E∗ · E)dV
(4.9)
Taken nˆ = (nr, 0, nz) and tˆ = (tr, 0, tz) as the normal and tangential unitary vectors in
the rz-plane (with respect to the cavity surface), u⊥ = urnr +uznz, E‖ = Ertr +Eztz and
D⊥ = Drnr +Dznz are the normal and tangential displacement and field components. In
cylindrical coordinates, with the field ansatz E(r) = (Er, iEφ, Ez)e−imφ, the terms of the
sum in 4.8 are
g
(j)
ω,MB = −
Ωcav
2
∮
S
u⊥ρ
(j)
MBdA (4.10)
Chapter 4 Active microdisk design 64
where
∫
V (E∗ · E)dV is normalized to 1 and
ρ
(1)
MB = δMBE2‖ ρ
(2)
MB = δMBE2φ ρ
(3)
MB = −δ−1MBD2⊥ (4.11)
defined δMB = 1−2 and δ−1MB = −11 −−12 as the discontinuities of the dielectric constant
in the boundaries. The photoelastic contribution is calculated as
gω,PE = −Ωcav2
∫
V (E∗ · δPE · E)dV∫
V (E∗ · E)dV
(4.12)
where δPE = −2p : S is the dielectric perturbation resulting from the photoelastic effect,
combining the photoelastic tensor p and the strain S. Separating the terms
g
(k)
ω,PE = −
Ωcav
2
∫
V
I
(k)dV
PE (4.13)
the only non-zero components are4
I
(1)
PE = δrrPEE2r I
(2)
PE = δ
φφ
PEE
2
φ (4.14)
since Ez, M and uφ are equal to zero. The perturbation terms are
δrrPE = −
0n
4
0
4 [(3p11 + p12 + 2p44)Srr + (p11 + 3p12 − 2p44)Sφφ + 4p12Szz]
δφφPE = −
0n
4
0
4 [(p11 + 3p12 − 2p44)Srr + (3p11 + p12 + 2p44)Sφφ + 4p12Szz] (4.15)
with
Srr =
∂ur
∂r
Sφφ =
ur
r
Szz =
∂uz
∂z
(4.16)
Although the photoelastic tensor has originally 81 elements, for cubic crystals, such as
GaAs, it is reduced to three independent coefficients, p11, p12 and p44, respectively equal
to -0.165, -0.140 and -0.072 (measured at 1150 nm [104]).
Results for gω with λ = 1550 nm are shown in Fig. 4.3. In (a), we observe
that the predominance of one contribution over the other is dependent on the disk radius:
the smaller the disk, the more important the photoelastic becomes, while in large disks
the moving boundary is the main coupling mechanism. This occurs because strain in
the radial breathing mode is uniformly distributed in the disk, while the optical mode
is localized in the edge; however, when the disk size is reduced, this overlap increases
and the photoelastic contribution becomes relevant too, even overcoming the term of
4The others are I(3)PE = δzzPEE2z (Ez ≈ 0), I(5)PE = 2δrzPEErEz (δrzPE goes zero since it depends on
Srz = 1/2(∂zur + ∂ruz) ≈ 0); I(4)PE and I(6)PE are generated by product E(r,z)E∗φ + c.c. and equal zero for
M = 0 modes.
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Figure 4.3: Optomechanical coupling rate with respect to the disk radius. (a) Contribution from
moving boundary and photoelastic and total coupling strength. (b) Parcel from each component
of the optical field to the moving boundary contribution.
moving boundary for R < 1.5µm. Regarding gω,MB, it is useful to analyze its components
ρ
(i)
MB, plotted in Fig.4.3(b). As expected, ρ
(3)
MB is small, since it depends on the squared
ratio between material and medium index (ρ(3)MB ∝ [1/3.5]2). Even that Er is the largest
contribution of the optical field, its coupling to the mechanical displacement is very
inefficient: recalling that this coupling occurs along the boundaries, Er is non-zero at
the disk top and bottom surfaces, not on the walls (see Fig. 4.1), however, the normal
displacement in this facets is close to zero. Therefore, the overlap integral is almost
null and only have non-zero value for small disks, when deformation in z starts to be
important. The most important contribution comes then from ρ(2)MB, a general conclusion
for the TE mode: Eφ has relatively large discontinuity in the disk walls, parallel to
the normal displacement. For that, the TE is the relevant polarization when treating
breathing modes in disks. In common, both contributions gω,MB and gω,PE decay with
the radius, due to the optical mode placement to the edge versus strain delocalization.
Very small disks are sought for this feature, whereas there is a trade off with the optical
quality factor reduction and microfabrication difficulty, besides being better measured in
integrated platforms with waveguides [59, 105].
For this first part of the design, we did not take into account the gain medium
as a different material. This will be considered in the next section, such that we looked
for an alloy that would imply minimal interference in the optomechanical performance of
the InGaAs/GaAs microdisk. Also, the optomechanical properties were calculated at a
transparent wavelength, since there is no data available for the photoelastic tensor at the
desired QW transition wavelength (around 940nm). However, it is expected that closer to
the GaAs transition, 870nm, the photoelastic constants are larger, with more interference
of absorption processes, such that this design works well as an estimation.
Chapter 4 Active microdisk design 66
4.5 Single QW structure
In our design, we have chosen to adopt some constrains: 1) to minimize the
structural strain, to avoid undesired and so-far unknown mechanical defects, 2) to balance
the In percentage and width of the quantum well such that only one transition should
be possible and 3) to guarantee this transition to be centered at 937 nm5. Also we have
chosen a single quantum well (SQW) structure, since the gain of this heterojunction is
high and we avoid more complexity due to accumulated strain and possible inhomogeneity
of the pump. Carrier levels are calculated as the usual finite potential well, taken the
well deepness as the discontinuity of the bands (see Appendix A). The alignment of the
bands is reported in the literature, as well as the value of effective mass for electrons and
holes [77,79]. The values used in the simulations are shown in the Table 4.1. Only heavy
holes are considered since the hole population in the light holes band and split-off band
are diminished: for light holes this is due to the smaller density of states, and for the
split-off band this occurs due to the energy offset. Strain in the material tends to magnify
this difference in the populations of the valence band, reducing even more the light holes
population [99].
Table 4.1: Barrier and well material properties.
GaAs (Barrier) InxGa1−xAs (Well)
Egap 1.42 eV 1.424-1.0625x
m∗c (plane) – 0.072 m0
m∗c (z) 0.067 m0 (0.067-0.044x) m0
m∗hh (plane) – (0.52-3.15x+7.5x2) m0
m∗hh (z) 0.5 m0 (0.45-0.04x) m0
∆so – 0.3462 eV
For the transition calculation, we expect a balance in the In composition:
the higher the In percentage, the longer the emission wavelength and more strain is
accumulated in the growth – then we looked for the lowest percentage possible to minimize
the strain. The thickness increase also leads to longer wavelength, in addition to more
possible transitions. Table 4.2 shows a summary of the composition study in the vicinity
of the optimal point, corresponding to 13 % In with 8 nm thickness. The calculated levels
ec1 = 1.316 eV and hhv1 = −0.0074 eV (in the energy referential where the top of the
well valence band is zero) resulted in the transition energy 1.324 eV (λ ≈ 937 nm).
The growth was carried out in C2N, Centre for Nanoscience and
Nanotechnology – Marcoussis Campus, in collaboration with the researcher Dr. Aristide
Lemaître. This is the only part of the fabrication necessarily developed outside MPQ –
5The choice of the wavelength was made based on the available tunable laser on the laboratory.
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Table 4.2: Transition wavelength (nm) and number of transitions for different sets of quantum
well, changing the percentage of In and the thickness of the well.
In percentage Thickness (nm) Transition Wavelength (nm) Number of transitions
12 8 930 1
13 8 937 1
14 8 943 1
13 7 932.5 1
13 8 937 1
13 9 940 2
Université Paris Diderot. Besides the optimization of the active region, we considered
extra layers in the structure in order to improve the confinement of light in the well
and to reduce the surface effects: GaAs is a material with surface issues such as fast
surface recombination and midgap states. For the usual electrical injection, it is necessary
passivation of the grown interfaces and supplementary layers are added to improve
the carriers confinement and to prevent non-radiative recombination. Optical pump is
reported with quantum well and quantum dots gain media, with construction of an
anti-reflective coat, such as an InGaP cap with thickness of λpump/2 [81,106]. Considering
these works and based on the growth team experience, it was suggested the addition of
a 20 nm AlGaAs layer, 20 % Al, to improve the carrier confinement and reduce the
surface impact. In comparison with InGaP, we have chosen AlGaAs due to the better
compatibility in the fabrication process and for the larger experience of the growth team
with this material. At last, to avoid the AlGaAs oxidation, which leads to degradation
of the optical resonator, we have caps of GaAs 5 nm thick in the bottom and on the top.
The final structure is represented on Fig. 4.4, as well a sketch of the band structure. In
Al0.80Ga0.20As
GaAs
Energy
GaAs 5 nm
GaAs 5 nm
Al0.20Ga0.80As 20 nm
Al0.20Ga0.80As 20 nm
In0.13Ga0.87As 8 nm
GaAs 75 nm 
GaAs 75 nm 
1.8µm
Figure 4.4: Scheme of the grown structure and respective sketch of the band diagram.
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our design we selected the emission at 937 nm, and the grown wafer presented emission
in 932nm in photoluminescence experiment performed in C2N.
Spontaneous emission rate and material gain are calculated as shown in
the Appendix A. The discontinuity values are: ∆Ec = 0.6 ∆Egap (0.0805 eV) and
∆Ev = ∆Egap − ∆Ec (0.0537 eV). We add the effect of the emission broadening due
to the scattering of carriers considering the relaxation time of the carriers approximately
0.066 ps – this is equivalent to a linewidth of 10 meV of the emission (value provided by
Dr. Lemaître). Fig. 4.5 shows the numerically evaluated spontaneous emission rate (a)
and the material gain (b) to charge carrier density linearly increasing from 5×1023 m−3
to 2×1024 m−3. This density is equivalent to the total number of electron-hole pairs in
the material that will be generated by optical absorption. These curves are important to
estimate the luminescence level and the laser threshold: given an estimative of the total
losses, from the material and for radiation, the threshold occurs when the gain equals
losses. It is necessary to multiply the material gain by the confinement factor, which is
the fraction from the optical mode that overlaps the gain medium (Γ = 0.057 from FEM
simulation). These curves were obtained considering room temperature; however, due to
absorption the disk heats, and the presence of small pedestal also hinders the heating
flow. This causes changes of the cavity volume and of the bandgaps, red-shifting the
luminescence and changing the mode dispersion (also affected by thermo-optical effect,
the refractive index variation due to temperature), as observed in the experiment.
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Figure 4.5: (a) Spontaneous emission rate and (b) gain of the structure for charge carrier density
linearly increasing from 5× 1023 to 2× 1024 m−3.
We have shown how to calculate the relevant parameters in the active
microdisk design, concerning the optical and mechanical modes and optomechanical and
optoelectronic properties. In the next Chapter, the fabrication and characterization of
these active microdisks are shown, with evaluation of the devices performance considering
the designed properties.
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Chapter 5
Fabrication and characterization of
InGaAs/GaAs microdisks
Instrumentation for the fabrication and measurement of active optomechanical
devices was developed during the thesis work. These experimental activities are divided
in two parts: the one done in our laboratory, where we worked with InP based structures
– presented in Appendix D –, and the results on GaAs platform, obtained during the
sandwich internship, shown in this chapter. The collaboration choice was due to the
previous experimental expertise of the visited group on GaAs optomechanical micro and
nanodisks. The incorporation of the gain medium and adaptation of the existing setups
for the photoluminescence measurement were then necessary. We fabricated microdisks
exhibiting laser emission and mechanical resonances such as breathing modes and
measured the optomechanical coupling strength. These results demonstrate compatibility
of the proposed structure for building of an optomechanical laser. We discuss the
difficulties encountered and improvements to be made.
5.1 Fabrication of microdisks
The device fabrication followed the process on GaAs disks well developed by
Dr. Favero’s team [103, 107]. A summary of it is shown in Fig. 5.1. In the following,
details on each step are presented with the respective scanning microscope images, for
visualization of the sample progress during the microfabrication.
5.1.1 Electronic lithography
The microdisks are defined in a lithography process by electron beam. Such
choice is due to the high resolution of the writing, producing a mask with very smooth
side walls. The used resin is the Micro Resist Technology GmbH® ma-N 2403, a negative
tone photoresist with high resistance to acid etching. The substrate is prepared with a
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Figure 5.1: Microdisks fabrication steps. (a) Electronic resist is spun on the wafer (b) Pattern
with circles is written onto the resist by electron beam exposure (c) Cylinders are etched by
non-selective wet etching (d) Mesa definition to lower the substrate (e) Selective wet etching
defines the pedestal.
coat of Microchemicals® TI-Prime, an adhesion promoter. The conditions are

Step 500 rpm for 3 s
Speed 5000 rpm
Time 30 s
After 1 minute, the sample is spun with the resist with the following parameters:

Step 500 rpm for 3 s
Speed 3000 rpm
Time 30 s
The sample is then baked on a hotplate at 95◦ C for 60 s. Under this condition, the resist
film should be approximately 300 nm thick. This step is represented in Fig. 5.1(a). The
sample is exposed to the electron beam with the virtual mask (a CAD design) with a
dose of 140 µC/cm2 and aperture of 10 µm. Usually we group same radius disks in lines;
we made disks from 5 µm to 10 µm diameter. After the exposure the sample is developed
with Microchemicals® AZ 726 MIF, a metal ion free TMAH (Tetramethylammonium
Hydroxide) based developer, for approximately 25 s (8 s steps) until the disks are clearly
observed in the optical microscope. The result is the resist mask as represented in
Fig. 5.1(b). In this process no kind of post-bake/hard-bake is necessary.
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5.1.2 Disk and mesa etching
With the resist mask prepared, we do the first etching which transfers the
disk pattern onto the material – both the GaAs layer and the sacrificial AlGaAs layer.
(Fig. 5.1(c)). We use at this step a non-selective etchant based on equal parts mixture
of Hydrobromic Acid (HBr), Acetic Acid (CH3COOH) and Potassium Dichromate1
(K2Cr2O7), called BCK misture [108]. For better control and low roughness, the etching
is made at low temperature, 4◦ C, with etching rate of 24 nm/s. The sample is etched
for 85 s, without agitation. After that, the resist mask must be cleaned, with immersion
in acetone at 40◦ C for 30 min, followed by rinse with isopropanol (IPA) and oxygen
plasma for 30 min. The microscope image at Fig. 5.2 shows a device after the cleaning,
although some resist is still present forming a veil over the pillar. It is notable the isotropic
character of the etching: the disk is slightly smaller than the designed mask due to the
etching in the plane under the resist mask, with lower rate in this direction. Also the
pillar is not cylindrical and this curved shape in the bottom is also characteristic of the
isotropic etching.
1mm
Figure 5.2: SEM image of the sample after the first BCK etching and resist removal. It is
possible to observe the remaining resist from the cleaning.
In our measurements we use a straight tapered fiber next to the disk, as shown
in the next section. The separation between disk and substrate is 1.8 µm and, since the
refractive index contrast is large, the evanescent field propagating in the taper can couple
into the substrate. In order to avoid this leakage, we must raise the devices from the
substrate, i.e. to etch all the sample material around the disks, until the distance is high
enough to prevent this coupling. A mesa is defined over the disks line for this etching
(Fig. 5.1(d)). This part of the fabrication is done with optical lithography, since neither
high resolution nor low roughness is necessary. The mesa has 45 µm width and extends for
approximately 10mm. We use the photoresist Dow® Electronic Materials MICROPOSIT
S1828, positive tone, exposed with UV light. The resist is coated with the following
1Saturated solution in deionized water: 14.7 g K2Cr2O7 each 100 mL DI water.
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parameters: 
Step 500 rpm for 3 s
Speed 5000 rpm
Time 30 s
The sample is pre-baked on a hotplate at 110◦ C for 180 s, exposed in a MJB4 mask
aligner (12 s for the mask and 50 s for edge removal) and developed with Dow® Electronic
Materials MICROPOSIT MF-319, another metal ion free TMAH based developer2, until
the lines are defined and the rest of the substrate is clear from resist (in approximately
30 s, with 7 s steps). The BCK etching is used again, now at room temperature, since
roughness of the mesa wall is irrelevant. The etching time was 9min, so the etched depth
is around 13.5 µm. At this point we cleave the sample to separate the lines with different
disk radius, resulting in a final sample with 2mm×10mm. The samples are cleaned with
the same procedure as described before to clean the resist.
5.1.3 Release and surface treatment
The final step is the pedestal definition using a selective etching of the AlGaAs
layer (Fig. 5.1(e)). We use a Hydrofluoric Acid (HF) solution with 1.25 % concentration
at 4◦ C, in order to have a low etching rate, which allows better control of the pedestal
shape and undercut. Samples with different disks diameters are previously cleaved, so
they are etched separately for optimization of the undercut length. The etching times
vary from 30 s to 3 min total and each sample is etched in steps, observed after each step
in optical microscope. We use manual stirring in “8” shape to eliminate any preferential
orientation – it is observed that a more symmetrical pedestal is produced this way. The
etched material tends to redeposit on the sample and create junks of material which
perturb the measurements [109]. In order to have a cleaner process, immediately after
the HF etching we do a dip in water and a immersion in KOH solution3 for 2 min at
room temperature, followed by immersion in water and IPA (isopropanol). Fig. 5.3 shows
electron microscope (SEM) images of the final devices.
The devices fabricated were submitted to a passivation process, developed and
performed by the recently graduated PhD Biswarup Guha. Such process is based on
the atomic layer deposition (ALD) of alumina (Al2O3) on the gallium arsenide surface,
after the removal of native oxides that tend do degrade the optical quality factor. All
the devices shown here were treated with deposition of a 10 nm layer, except when said
otherwise. This process showed good results in GaAs passive disks, enhancing the optical
quality factor at telecommunication wavelength range [107, 110]. Although we didn’t
2Both MF-319 and AZ 726 are composed of 2.38 % TMAH in water and the difference is that the
latter has addiction of surfactants, for fast and homogeneous substrate wetting.
3The solution is prepared following the proportion 1 g of solid KOH to 10 mL of water.
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Figure 5.3: SEM images of the samples in the end of the fabrication. (a) Mesa elevating the
disks from the substrate (b) Disk with 8 µm diameter, showing roughness in the top and in the
pedestal. (c) Detail of the surface, showing stripes in the top. We can observe the different
layers of material – the cap AlGaAs/GaAs and the InGaAs thin well in the middle of the disk.
perform a systematic study in the active devices, we observed better emission and higher
signal-to-noise ratio compared to non passivated samples.
5.1.4 Issues of the fabrication process
We have obtained disks to perform measurements during the internship,
however, some defects were revealed in the fabrication, which affected the devices
performance. In Fig. 5.3(b,c) we observe roughness over the top surface of the disk,
which is not observable in usual samples for passive devices. Image of a broken disk
(Fig. 5.4(a)) shows that those corrugations are also present in the bottom, eliminating
the hypothesis of remaining resist. The best explanation for these uncommon appearance
is the presence of strain in the quantum well growth – we tried to make it minimal, but
it is not possible to have an unstrained structure. We reported this issue to C2N and we
were warned about the possibility of some variation in the quality due to a maintenance
in the MBE machine by the time this wafer was grown. Besides the mechanical properties
affected, this roughness lowers the pump efficiency and collection from the top, but we
were still able to perform those experiments, shown in the next section.
Another revealed defect was the pedestal spongy appearance and its apparent
inhomogeneity. The sponge aspect is shown in Fig. 5.4(b,c) and affects the mechanical
quality, since it clamps the disk to the substrate. This sacrificial layer was also not
homogeneous, which can be recognized in the larger disk pedestal and which presents
under-etching and anisotropy. This was a constrain to obtain larger disks, since most of
them collapsed during the HF release. As noted before, we stand out that even with these
difficulties we were able to perform the experiments.
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Figure 5.4: Fabrication issues. (a) Disk with 10µm diameter collapsed due to the under-etching
of the pedestal. Roughness of the surface is equally observed in the bottom of the disk. (b)
Detail of the under-etched pedestal. The AlGaAs material has an usual appearance. (c) Disk
with 10 µm diameter with bigger pedestal, where we observe the inhomogeneity of the etching.
5.2 Devices characterization
We proceed with the fabricated microdisks measurements, performed in both
the passive and active regime. In the first case, the optical resonances are pumped
by a driving laser ranging from 1500 nm to 1600 nm, therefore without absorption in
the quantum well. Such experiment corresponds to the usual ones performed in GaAs
microdisks, with a tapered fiber as input and output channel. With this characterization,
we were able to verify that the disks properties have not strongly deviated from the cavities
without the quantum well, i.e. there was no significative interference from the additional
layers in the disk structure. For experiments in the active range, an adaptation of the
existing setup was required. The most simple experiment is the photoluminescence (PL)
with spatial resolution, where the disk is pumped above the quantum well transition and
its emission is collected and frequency resolved in an Optical Spectrum Analyzer (OSA)
or spectrometer. Later, the measurement of the vacuum optomechanical coupling rate
was performed in our laboratory with samples fabricated during the internship.
5.2.1 Optomechanical experiments at transparency
Optomechanical microcavities on chip are usually measured with tapered
fibers or with built-in integrated waveguides. In all situations we adopted the fibered
measurements, where the light couples in and out from the tapered region to the disk in
its tangential direction. Details about the taper fabrication and study of its evanescent
coupling to optical WGMs can be found in [101,103]. A picture of the setup and optical
microscope image from sample and fiber is shown in Fig. 5.5(a); the simplified optical
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Figure 5.5: Setup for measurement with tapered fiber. (a) The sample is located in a holder with
very precise spatial positioning, while the straight taper is fixed. The image is obtained from
magnification with a long work distance objective (50×) and seen from direct observation or with
an USB camera. (b) Optical path from the tunable pump laser to the sample, with detection
of the output signal in a fast photodetector (PD). The DC signal goes to the DAQ, providing
the optical transmission, and the AC signal goes to the ESA. (c) Normalized transmission for
a 10 µm diameter disk. The colored lines correspond to different taper-to-disk distances; the
red curve corresponds to the largest gap, when the resonance starts to be visible, and with
progressive approaching the disk sticks to the fiber, represented by the black curve.
path scheme is represented in Fig. 5.5(b). A tunable laser continuously pump the disk and
the output signal is detected by a fast photodetector (PD). Such element has the property
of separating the generated photo-current into its continuous and oscillating components,
respectively DC and AC. The DC signal of this current is read in the computer through
a DAQ device (Data Acquisition) and gives information about the amount of light that
is trapped inside the disk – the output is then the normalized transmission versus the
wavelength swept in the pump laser (Fig. 5.5(c)). The AC part is launched in an Electrical
Spectrum Analyzer (ESA), such that the output is the Power Spectrum Density (PSD) as
function of the RF frequency of the signal (resulting from RF modulation of the light inside
the disk by any means). In Fig. 5.5 we show the transmission for a 10 µm diameter disk,
with decreasing gap between the taper and the disk – during the experiment, this sweep
is performed in few seconds, such that we can position the taper with precision (there are
piezo controllers in the sample holder), monitoring the optical modes. Polarization can be
switched with the polarization controller (PC). The black curve is the case in which the
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taper touches the disk and the deformation of the modes is typical from the overcoupled
regime [90]. We emphasize that we refer nominally to the disk radius from the fabrication
pattern – in fact, there is a reduction in the final diameter due to the first BCK etching.
For the mechanical mode spectroscopy, we do a slow sweep in the laser, such
that we can lock the wavelength at half height of the optical resonance (Fig. 5.6)(a).
Often high optical intracavity power leads to heating of the disk and the resonances are
deformed due to thermo-optical effect. In Fig. 5.6(b) we show the mechanical modes of
the 10 µm diameter disk, in range between 360 MHz and 420 MHz, with low mechanical
quality factors (calculated from the Lorentzian fits of the curves, in red). We should
observe one peak corresponding to the radial breathing mode of the disk, but it splits in
three peaks, probably due to the asymmetric pedestal and/or to the strain accumulated
in one direction. We checked all the disks fabricated; smaller disks, from 5 µm to 6 µm
diameter, presented better Qm’s and non split modes – since the pedestal is smaller –
but the photoluminescence had low level or even could not be detected, so we decided to
work with the larger disks. From the mechanical resonance, we see that in fact the disk
is smaller than designed. For this range, the disk in fact shall be 3.5 µm to 4 µm radius
(estimated from the calibrated etching rate in the plane and from SEM image).
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Figure 5.6: (a) Optical resonance and respective fit of 10 µm disk (deformation derives from
bistability due to heating of the cavity). The (loaded) optical Q in this situation is Qo = 12 k.
(b) Mechanical modes and respective mechanical quality factors. Multiple peaks are evidence
of radial symmetry breaking in the resonator.
Vacuum optomechanical coupling rate measurements (g0)
An important optomechanical parameter is the coupling strength gω. However,
the related quantity g0 is more accessible experimentally, denominated the vacuum
optomechanical coupling rate. It corresponds to the exchanged optomechanical energy
for the mechanical amplitude equal to the zero point fluctuation, i.e. g0 = gωxzpf. In this
way, g0 represents a more fundamental physical quantity, since it can be measured even
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without knowledge about the motional massmeff or xzpf, which are not easily measurable –
therefore we take these values from simulation to obtain information about gω. Calibration
is necessary since the optical elements in the circuit have losses and non ideal coupling,
besides the opto-electronic interfaces are subject to transduction functions dependent on
frequency. A general procedure is described in [111], by adopting a phase modulator
(PM) in the circuit (Fig. 5.7). Basically this element produces modulation in phase of
the light by the same physical mechanism that the mechanical motion interacts with the
optical field. The cavity resonances translate phase to amplitude modulation, which is
converted to a photo-current by the photodetector and it is analyzed in the ESA. With the
parameters φ0 and ΩPM of the phase modulator, respectively the amplitude and frequency,
g0 is given by
g20 =
~Ωm
2kBT
φ20Ω2PM
2
SII(Ωm) · Γm/4
SII(ΩPM) · ENBW (5.1)
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Figure 5.7: g0 measurement (performed in LPD). (a) Setup scheme including the phase
modulator (PM), which establishes the reference for the transduction between the photo-current
and the PSD peak in the RF spectrum. (b) RF spectrum obtained from a 5 µm disk, with fit
of the mechanical resonance in the detail (Ωm/2pi = 357.6 MHz and Γm/2pi = 1.6 MHz).
The narrow and high peak (orange dashed line) corresponds to phase modulator, adjusted to
365 MHz.
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where the quantity kBT~Ωm is the phonon occupation of the mechanical mode with frequency
Ωm and damping Γm (by Equipartition Theorem). ENBW stands for effective noise
bandwidth, defined from the resolution bandwidth of the spectrum analyzer (RBW)
as ENBW=RBW
√
pi/(4 log 2). SII(Ωm) and SII(ΩPM) are the current spectral densities
obtained directly from the respective peak values in the power spectrum. Such calibration
can also be used to convert the power spectral density to a displacement spectral density,
which provides information about the displacement sensitivity in the experiment.
This experiment was performed in our laboratory with samples fabricated
during the internship. Such samples were produced from a new wafer in order to get
devices without the mentioned defects4. There were two types of sample, depending on
the alumina layer thickness deposited in the ALD process: 5 nm thick or 10 nm thick.
Fig. 5.7(b) shows the power spectral density of the first one and the respective fit of
the resonance – Ωm/2pi = 357.6 MHz and Γm/2pi = 1.6 MHz, therefore Qm = 227. Once
again, the disk is slightly smaller than the mask from which it was produced; effectively
the radius is between 3.5µm and 4µm in comparison with FEM simulation. We obtained
g0/2pi = 46 kHz, and using the simulated mass for a 4 µm disk, meff = 41 pg, we obtain
xzpf = 0.76 fm and gω/2pi = 61 GHz/nm. From the expected value of g0/2pi = 35.6 kHz,
the measurement is 30 % higher. For a disk with same radius and 10 nm thick alumina,
the fitted mechanical parameters were Ωm/2pi = 361 MHz and Γm/2pi = 1.5 MHz, then
Qm = 237, and g0/2pi = 37 kHz (xzpf = 0.75 fm, gω/2pi = 49 GHz/nm), this time quite
close to the expected. We have not performed a systematic study of g0 in those disks to
have indeed a quantitative conclusion, but these measurements allow us to infer that the
values are according to the expected, i.e. the strain did not affect the optomechanical
coupling.
5.2.2 Photoluminescence with spatial resolution
After checking the optical and mechanical properties of the resonator, we follow
with the photoluminescence measurement, in which the disk is pumped with light above
its transition and the emission is collected. We have first chosen the traditional approach
of pump from the top, focusing in the disk with an objective, which also collects the
emitted light perpendicularly to the plane defined by the disk. Such scheme is usually
named micro-photoluminescence due to the necessary spatial resolution. We needed to
mount this apparatus in the laboratory, since it was the first time this kind of experiment
was going to be performed there. Instead of the usual free optics setup, we have adapted
the taper fiber setup to support the experiment, using the same microscope objective.
4Two new wafers were grown and they did not present these problems, however, the disks fabricated
from them presented very low PL emission level. Some samples were borrowed in courtesy to our group
for later measurements. PL direct from the wafers have shown that the emission was at the same level
from the first wafer, remaining unknown the cause for lower emission of the new devices.
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Figure 5.8: Photoluminescence experiment with pump and collection trough fiber. (a) Schematic
of the optical elements – the pump and the collection are made through a microscope objective
with magnification 50×. We observe the sample with an USB camera, while the output is
coupled to a fiber, and the light is analyzed in a spectrometer or an OSA (b) Photo of the
adapted setup (c) Detail of the objective and the spot in the sample. (d) Image of the spot
over the mesa, for a device with 10 µm diameter. The spot size was roughly controlled by a
adjustable fiber collimator.
For that, all the optical elements were mounted on the top of the microscope, over an
acrylic box which protects the fiber experiment. The pump was brought to the setup
by fiber, as well the light collect was collimated to a fiber. The scheme of the setup is
represented in Fig. 5.8(a) and the realization of it in Fig. 5.8(b). The good aspect of such
choice is the possibility of also having the pump from the top and collection with fiber
and vice-versa. In Fig. 5.8(c) we see the detail of the spot over the sample. The sample
position in all directions is controlled by a piezo, the same way as in the approaching taper
experiment, while the spot position is controlled by optomechanical mount screws which
holds the fiber collimator in the column. Fig. 5.8(d) shows a spot picture over the mesa,
besides a 10µm diameter disk. The spot is roughly focused by the collimator, in which we
could move the distance between the lenses – which also allows small changes in the spot
size. The observation must be done though the camera since the emission wavelength
could damage the operator sight. The light collected is then sent to an Optical Spectrum
Analyzer (OSA) or spectrometer.
We initially performed pump from the top with a 638 nm diode laser5 – we
always worked with CW lasers, since at first we did not wanted to disturb the system
with other forced carrier oscillations. The intensity measurement of the spot showed
efficiency of 35 % from the fiber output to the spot. The estimative of losses are: 30 %
in the first beam splitter, necessary for the camera, 5 % in the dichroic mirror, and
approximately 50 % in the illumination splitter. We also have to consider the coupling
between the free beam and the fiber, which was average 30 % in our experiments. All
5Oxxius® LBX-638-100-CSB-PP Laser 638 nm, 100 mW
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values of power displayed on Fig. 5.9, Fig. 5.10 and Fig. 5.11 refer to the measured free
beam power. For the collection, we had to use very sensitive equipment to perform the
spectrum analysis, since the microscope objective was not optimized for the infrared range
(Olympus® LMPlanFL N 50×) – the estimative of collection at 940nm is 31% (information
given by the manufacturer) –, although it was still possible to collect the light emitted by
the devices.
In Fig. 5.9 we compare the photoluminescence of a non-processed piece of the
sample (indicated as wafer in the figure) and of the 7.5 µm diameter device for 30 mW of
pump power, where we observe the presence of peaks which indicate the modulation of
emission due to the disk geometry. Fig. 5.10(a) shows the evolution of the spectra with
increasing power (measured at a different disk with same radius). The separation between
two randomly chosen peaks is 13.6 nm – the distance between other peaks presented
approximately the same value, between 13.5 nm and 14 nm. To identify if it corresponds
to a mode of the disk, we estimate the free spectral range (FSR) of the WGM with first
radial order and check if it is compatible with the measured value. As seen in Chapter
4, the FSR is approximately c/(neffR) for those modes. In terms of wavelength, the
separation between two consecutive resonances is λ2/(2piRneff). Taking neff ≈ 2.85, as
calculated in the previous Chapter, the expected FSR is 13.2 nm (for R ≈ 4 µm). The
resonances are very broad in this measurement because the collection was made through
a multi-mode fiber (since it couples better with a high numerical aperture collimator,
recommended for this kind of application), which tends to cause deformation due to the
dispersion and propagating modes beating, besides the overlap with the filters represented
by each optical element in the setup.
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Figure 5.9: Comparison between the photoluminescence measurements of the unprocessed wafer
and from a disk (sample with 7.5 µm diameter disk), both pumped from the top with a 638 nm
CW diode laser with 30 mW power (measured at the free beam).
Since we have a multi-mode cavity, the evaluation of the threshold must take
into account all the energy that is split between the modes, obtained by the integration of
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Figure 5.10: (a) Spectra for increasing pump power in a 7.5 µm diameter disk, pumped from
the top with a 638 nm CW diode laser. (b) Respective integrated spectra for each pump power.
the spectrum. Fig. 5.10(b) shows the integrated spectrum each pump value, and from that
we observe that the disk does not lase: the total output power grows almost linearly with
the pump, as expected for the spontaneous emission (without the typical threshold of the
laser light curve). We also observe redshift of the spectrum for the maximum available
pump power, indicating heating of the device. Only one family of modes is seen, unlike
the transmission measurement (Fig. 5.5) which showed several mode families coexisting
– they should appear in the overlap between the luminescence and the cavity resonances.
This occurs mainly due to the low efficiency of collection of these other modes, since the
radiation occurs preferably in the plane of the disk, in the tangential direction.
We also measured the 10 µm diameter disks, and the spectra evolution with
increasing power is shown in Fig. 5.11(a). The FSR at the measured spectrum was
10.8 nm, while the expected is 10 nm, which is a good indicative that we were measuring
a first radial mode here too. Also, there is saturation of the photoluminescence – the
recombination shall be more efficient in these slightly larger disks, since the saturation is
achieved with lower power (what occurs since the ratio (surface area)/(volume) decreases,
favoring the radiative recombination instead of the surface recombination). Nevertheless,
we still could not observe lasing or the other modes, which could be result of a non-efficient
pump and/or collection or the samples don’t achieve enough gain to lase, affected by
thermal effects. We investigated the influence of the pump wavelength, in order to try
to minimize thermal effects. Fig. 5.11(b) shows the spectra for pump at 750 nm (also
CW laser6), and we have seen that the level of luminescence is higher than the previous
situation for equivalent energies, although lasing is still not achieved. From this set of
measurements, we conclude that the 10 µm diameter disk was the best choice to perform
the following experiment, which consisted in exchanging the pump and collection from
6SolsTiS® Ultra Narrow Linewidth CW Ti:Sapphire Laser – M Squared tunable laser
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Figure 5.11: Photoluminescence of 10 µm diameter disk, pumped from the top (a) with 638 nm
laser and (b) with 750 nm laser.
the top for the taper, with 750 nm or higher pump wavelength.
The spectra in Fig. 5.12(a) show the evolution of the emission with increasing
pump power, with pump at 750nm by fiber. The spectrum seems more complete in terms
of showing all the possible modes and their separation is compatible with the transmission,
considering the difference of the dispersion in 1500 nm and 940 nm. The increase of the
peak amplitudes sugests lasing of the device. There is an inversion of behavior between
the curves of 6.3mW, 10mW and 14mW, when we expected the intensity to increase but
in fact it decreases — it may be an evidence of gain saturation. Integration of the spectra
was evaluated from 900nm to 980nm (Fig. 5.12(b)). The transition between the points at
4mW and 6.3mW is the most abrupt and it suggests that the threshold is reached in this
range of pump power. When more power is launched inside the cavity, the device leaves the
typical laser curve. It’s difficult to follow the peaks in order to verify the intensity and
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Figure 5.12: (a) Spectra for increasing pump power at 750nm by taper (b) Respective integrated
spectrum.
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linewidth evolution of each mode, since they overlap due to the their small separation
(in the order of magnitude of the linewidth). At last, we performed pump at higher
wavelength, 870nm (same laser as 750nm). Fig. 5.13 shows the comparison considering
equivalent pump energy in terms of photon number. It would be expected that pump at
higher wavelength would be more efficient, following the tendency of improvement from
638 nm to 750 nm. However, it is seen that emission in the GaAs barrier competes with
the well transition, such that the 750 nm case is more efficient.
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Figure 5.13: Comparision between pump at 750nm and at 870nm.
Notice that the spectra shown in Fig. 5.12 and 5.13 are not resolved. This
was due to the low resolution mode employed. Since we have low output intensity, it
is not possible to use the equipment highest resolution, which leads to lower sensitivity,
and then less signal-to-noise ratio. This was an issue resulting from the non optimal
collection (made through the typical taper fiber, appropriate for 1.5 µm and not this
range) besides the device itself producing few photons. We discuss these issues and the
suggested improvements in the next section.
5.3 Experimental challenges and next steps
The most problematic issue faced during the experiments concerns the emission
detection. The collection of the emitted light itself was not optimal either from the top
with the microscope objective nor with the taper. In the first case, the difficulty came
from the fact we did not have in site the appropriate objective for the desired wavelength
and from the impossibility of moving or replacing some parts of the setup, such as beam
splitters in the optical path. Also, we observed only one mode, very broadened due to
the introduced optical elements with different optical apertures – there was a difficulty
to find compatible optical mounts coupling from fiber to free optics and back efficiently.
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When switched to tapered fiber measurement, the scenario concerning the observation
of different modes improved, however, it was also a non optimized method, since the
technique used for the taper pulling is based on 1.5µm wavelength – because the mode
is more confined in 940 nm, to use a thinner taper would be more appropriate. As a
consequence, the output intensity was restricted to few pW, requiring high sensitivity
from the optical equipments, with loss of resolution.
Despite the non optimized collection, we were able to characterize the cavities
and find disks in the laser regime. The following step was to look for mechanical signatures
in the emission, connecting the disk output to a fast photodetector. However, for detection
of RF signals, there is a relation of the minimum optical power in a certain bandwidth
for temporal resolution of the signal (such relation is translated by the Noise-Equivalent
Power, or NEP). For this sensitivity constraint, the cavity output is not sufficient for
excitation of the PD7. In this sense, devices emitting in 1500 nm have an advantage, due
to both more sensitive detectors and available amplification methods for signal treatment,
such as EDFAs. As an alternative, it was suggested the simultaneous optical pump from
top and laser sweep with fiber, joining the two kinds of experiments performed. The laser
in 1500 nm has the role of probing the mechanical mode while the disk is pumped. In
such situation, thermal effects start to hinder the measurement, since the resonances are
shifted by thermo-optical effect, affecting then the mechanical resonance spectroscopy.
Concerning temperature, it is noticeable that increasing pump power shifts
the optical resonances and the spontaneous emission/gain envelope. Considering that the
high pump level was used to enable higher output signal, we infer that lower pump level
will be necessary if the collection is optimized, reducing the heating problem. Free carriers
effects also rise from temperature change and high pump level. In fact, in the performed
measurements, the more restrictive conditions were related to these free carriers. Our
tunable laser had a detected noise at 170 MHz, which drives the carriers, and this
oscillation was present in the RF spectrum with high signal-to-noise ratio. When switched
to the diode laser, the problem of noise was still present and free carrier oscillation was
observed, similar to the observed in silicon cavities [112]. Therefore, it is essential to use
a pump laser with as minimal noise as possible in order to avoid these undesired effects.
Also, a suggestion is to perform the pump with pulsed light, avoiding this free carrier
interaction and reducing the heating due to pump.
In contrast with these experimental challenges, we emphasize the
demonstration of a laser cavity compatible with a mechanical resonator with the microdisk
geometry. Measurement of the vacuum coupling rate shows that, even in the strained
material, the optomechanical coupling is preserved. We also emphasize the realization
of an InGaAs/GaAs microdisk laser with optical pump, merit of the well succeeded
7In our detector (New Focus® 1617-AC InGaAs Balanced Optical Receiver), the NEP was 20 pW/
√
Hz,
so measurements commonly performed with 10 kHz bandwidth require a minimum 2 nW signal.
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passivation process. In this sense, the instrumental development of this thesis represent
preliminary results, as there is a series of improvements to be performed and other designs
to be explored.
86
Chapter 6
Bullseye optomechanical laser
As the final accomplishment of our work, we present a realistic design for
the demonstration of the self pulsed emission predicted by our model. Inspired by the
recently demonstrated device on our group, the bullseye optomechanical resonator [53],
we suggest the incorporation of a gain medium and of a dissipative optomechanical
coupling for building an optomechanical laser. The bullseye design consists of a disk
with a circular nanostructured grating on the top, allowing simultaneous confinement
of optical and mechanical modes to the disk edge and resulting in a strong dispersive
optomechanical strength from the enhanced photoelastic effect. A high dissipative
optomechanical coupling is promoted by the presence of an absorptive structure in the
disk vicinity, typically a metallic ring, modifying the optical near field and affecting the
optical quality factor. Such a metallic ring is spaced from the bullseye by a small air-gap
and this distance is modified by the deformation of the disk edge, leading to modulation
of the decay rate by means of moving boundary coupling mechanism. We obtained a
set of suitable parameters in an optically pumped device, suggesting the experimental
realization of the optomechanical laser.
6.1 Active bullseye optomechanical resonator
In Chapter 3, we have shown our model’s prediction of self pulsed emission
in an active optomechanical resonator. We also discussed the complex constraints for
the mechanical and laser parameters, which made it difficult to find a proper design for
the demonstration of this effect. Besides the fact that the dissipative optomechanical
coupling had not been extensively explored yet, we had to find a system where both
dispersive and dissipative couplings were present with significant strength. An appropriate
starting point is to adapt a cavity which presents a strong dispersive coupling and
supports high mechanical frequencies and large photon number (allowed by an appreciable
cavity volume). Within this spirit, we considered the optomechanical resonator recently
demonstrated by our group, the microdisk cavity with nanostructured bullseye-shaped
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grating on the top [53]. Originally developed on silicon, such design stands out due to
the simultaneous confinement of optical and mechanical modes to the disk edge, with
enhanced overlap between them, allowing strong photoelastic interaction. This leads to
a large optomechanical coupling rate, in contrast to the values obtained in the equivalent
diameter disk. The circular grating on the top works as a phononic crystal, prohibiting
propagation of longitudinal mechanical waves in certain frequencies. As demonstrated,
it can be designed for favoring of Fabry-Perot modes of the edge ring, presenting high
mechanical quality factor. As an additional benefit, the fundamental mode of the ring
presents high mechanical frequency that can be achieved in a device with large radius,
without compromising the optical quality factor.
The proposed active bullseye is presented in Fig. 6.1. The microdisk
parameters are the radius R, thickness t and the edge ring’s length wring. The grating
is characterized by the grooves deepness and length, period of the grating and number
of periods. Details on the grating design are found in [53, 101] and from now on we
will assume that these parameters are fit to the desired mechanical frequencies, allowing
mechanical isolation of the dielectric ring from the disk center and pedestal. Considering
this hypothesis, all the simulations are based on the region of wring. For the dissipative
optomechanical coupling, we considered demonstrations with near field interaction in
optomechanics, where the presence of dielectric or conductive structures induces the cavity
loss modulation [95,113]. The loss induced by external actuators was also explored in the
context of PT-lasers, showing the possibility of using metal tips for control of the total
loss in a laser cavity [67]. Based on that, a strongly dissipative structure is added in the
bullseye vicinity, typically a metallic ring, separated from the disk by a small air gap. This
lossy ring can be anchored to the surrounded substrate (not shown in the scheme) and
wring
R
optical
pump
(i)
(ii)
Figure 6.1: Active bullseye scheme: it consists of a microdisk (radius R) with a nanostructured
circular grating on the top, allowing mechanical edge states in a delimited region with length
wring – the displacement profile of the fundamental Fabry-Perot like mode for wring=1µm is
shown in the detail (i). The optical gain is provided by a SQW in the middle of the structure,
which is optically pumped. The optical field is typical WGM (ii); due to the presence of the
metal ring, separated from the bullseye by a small air separation, the evanescent field resembles
a slot waveguide mode strongly affected by absorption in the metal and by the gap size.
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such construction is compatible with micro and nanofabrication techniques, as evidenced
by the references. Since this metallic ring is attached to the substrate, all the modulation
is due to the wring displacement alone. Our proposal relies on GaAs platform and optical
pumping, as in our first disk design. In the following, we present the details of the optical
and mechanical modes and the calculation of the optomechanical coupling strengths.
6.1.1 Optical modes and SQW gain medium
In our design, we fixed the disk radius R = 12 µm and thickness t = 230 nm.
The optical modes of the dielectric ring are very similar to the ones calculated for a
disk with same radius R, with slightly more spread field since there is a reduction of the
effective index. This holds true for wring > 1 µm, which is the approximate horizontal
length of the spatial mode distribution, while for thinner wring the inner boundary starts to
be relevant. Illustration of the WGM profile from FEM simulation is shown in Fig. 6.1(ii)
for λ = 950 nm (m = 244); we worked with the first radial order, as done before. When
the external metallic ring is added, the evanescent field in the air spacing is enhanced
due to large discontinuity in the dielectric constant, similar to the construction of slot
waveguides [114]. From this characteristic, we must choose a very lossy metal, i.e. with
large absorption coefficient, but also with high refractive index in order to favor the optical
field confinement in the spacing, which will be responsible for the dissipative coupling with
the gap variation. In Table 6.1 we show the real and imaginary parts of the refractive
index for some metals, justifying our choice for a Chromium (Cr) ring1. For simulation
purposes, this metallic structure is the same thickness as the disk and the length is 230nm
– the penetration depth is around 20 nm, so there is no need for a larger structure.
Table 6.1: Complex refractive index (nr − i ni) and absorption coefficient (α) of selected metals
at 950 nm [115].
Al Ag Au Cr Ti
nr 1.61 0.04 0.20 3.37 3.33
ni 8.77 6.74 6.10 3.55 3.97
α (×105 cm−1) 11.6 8.92 8.06 4.70 5.25
The optical gain is based again on single quantum well InGaAs/GaAs
structure. The well is 7 nm thick (corresponding to a confinement factor Γ = 0.045) and
with 13% In composition, resulting in a transition at 933nm. The parameters were chosen
in order to decrease the gain at steady state, and then have higher intracavity photon
number but not significantly ROF increase: from Chapter 2, we saw that ΩR ≈
√
G¯0G¯n¯p0
1It was followed the COMSOL convention for complex refractive index: ni < 0 for lossy medium and
ni > 0 for gain medium (also compatible with the convention on previous chapters).
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and from Chapter 3 the optomechanical damping rate is Γom ≈ G2/2ΩR; therefore, we
want to increase p0 because of G2, but we want to keep ΩR almost unaltered. For higher
injection, lowering of G¯n¯ is obtained in a quantum well gain medium, as discussed before,
due to the typical gain dependence on carrier density, fit to a logarithmic function2 (see
Fig. 6.2). However, during our simulations, we saw that this relation is still very tight,
since it is necessary to also keep G¯0 low, what was obtained by working at a wavelength red
shifted from the transition. This possibility is supported by the hypothesis that we could
excite a mode in this region, since there is emission due to the spontaneous recombination
spectral broadening. Also, remember that our model is based on the description of a
single lasing mode, but it is a good approximation for the case of multimode lasing
without modal interference.
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Figure 6.2: Gain of the proposed SQW structure at λ = 950 nm. The dots represent the values
obtained from gain calculation and the red line is the resulting logarithmic fit.
6.1.2 Mechanical modes
We have chosen the mechanical breathing mode, as illustrated in Fig. 6.1(i).
Analogous to the disk, this mode can be modeled as a Fabry-Perot for longitudinal
waves and it is possible to have an approximated relation for the mechanical frequency,
dependent on the length wring:
Ωm
2pi =
vL
2wring
(6.1)
where we replaced 2R in 4.6 by wring. This approximated relation is shown in Fig. 6.3,
where results from FEM simulation for the frequency and effective mass are also presented,
showing good agreement.
2The parameters obtained to the fit G(n¯) = gn ln( n¯+nsn¯tr+ns ) were gn = 2.54×104 m−1, n¯tr = 1.42×
1024 m−3 and ns = −1.02× 1024 m−3.
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Figure 6.3: Mechanical frequency and effective mass with respect to wring. The circles correspond
to the results from FEM simulation and the red line represents the approximated relation 6.1.
6.2 Optomechanical coupling rates
Calculation of the dispersive optomechanical coupling factor is done as
described in Chapter 4, from the overlap integrals of the optical field and the mechanical
deformation. However, now we perform the calculation for an optical wavelength close
to the GaAs absorption (approximately 870 nm). As mentioned before, we use the
photoelastic coefficients reported in [104], which were measured for a longer wavelength,
1150 nm. In [116], it is acknowledged that p11 and p12 shall be larger for photons
with energy closer to the GaAs bandgap, such that we may have underestimated values
by adopting the coefficients from the literature – in the absence of the systematic
measurement of these constants, we assume they are a good approximation3.
We performed the FEM simulation for the bullseye standalone and in the
presence of the metallic rim, for deep analysis of the modification produced by the
absorption in the metal (taken the gap distance between bullseye and metallic ring as
20 nm) – the results are shown in Fig. 6.4. A first comparison between the disk and the
standalone dielectric ring shows an important difference: while the moving boundary is
the most relevant contribution in the disk with large radius, the photoelastic contribution
is predominant in the ring, due to the improved overlap between the optical mode and
the strain field. Concerning the moving boundary components, for wring > 1.5 µm the
main part comes from ρ(2)MB, related to Eφ, similarly to the disk. But for thinner wring, ρ
(1)
MB
becomes relevant and it can even overcome the other components, such that gω,MB equals
zero. This occurs because the displacement in the z-axis is not negligible in the ring as
it was in the disk, specially when wring is smaller than 1µm. When the metallic rim is
added in the simulation, we observe that gω,PE does not change (Fig. 6.4(a)). The moving
boundary contribution is modified – see the black marks in Fig. 6.4(b), correspondent
3Indeed, photoelastic enhancement due to resonant cavity pump was demonstrated in [41], where it
is suggested the application for strong coupling in cavity optomechanics.
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Figure 6.4: Dispersive optomechanical coupling contributions in the dielectric ring standalone
(*) or in the vicinity of a metal ring (-o). (a) The photoelastic contribution gω,PE is the most
relevant and it is not affected by the metal rim. (b) The moving boundary contribution gω,MB is
affected (see ρ(total)MB in black); calculation of each term ρ
(i)
MB shows that this modification comes
from the component ρ(3)MB, which is associated to the electric displacement D⊥.
to ρ(total)MB –, although it does not affect the total gω, since it is small compared to gω,PE.
Nevertheless, we calculate the components ρ(i)MB in order to investigate the impact from
the metal in the vicinity. In fact, the component ρ(3)MB, related to the displacement field,
is the one modified, what is expected since the “slot mode” is formed in the air gap due
to the discontinuities in E⊥, sensitive to the lossy structure in the surroundings.
It is noticeable that we can not obtain the dissipative optomechanical coupling
rate with this method: the integrals are performed on the superposition of the optical
field and the maximum displacement profile, calculated in surface and at boundaries of
the wring section. Since the metallic ring does not touch the dielectric, the imaginary
part of the refractive index is not counted in the dielectric perturbation terms. We could
write the frequency in 4.7 as Ωcav + iκe and take the imaginary part, but then we would
come back to the description gκ = gω/Qe, limited by the optical radiation quality factor.
Alternatively, we adopted an equivalent method for the calculation of the effective gκ,
described in the next section.
6.2.1 Calculation of the dissipative coupling
Given that the influence of the metal is in the perpendicular component of
the field, we use the direct frequency calculation taking into account the displacement
only in the radial direction. We consider a standing bullseye and a metallic ring moving
towards it, with optical field calculated at each position of the metallic structure. As seen
in Fig. 6.5(a), at different spacings between the bullseye and the metallic ring, the field
changes from a delocalized mode to the confined ring mode. At each value of the gap
sweep we obtain the solutions (Ωcav,κe) and from direct derivation with respect to the gap
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Figure 6.5: FEM simulation of the dissipative optomechanical coupling. Only the optical field
is calculated during sweep of the gap value, as illustrated in (a). From the solutions, we find the
resonances Ωcav(gap, wring) and respective decay rates κe(gap, wring). gω and gκ are obtained
from their direct derivation with respect to the gap. For a gap 20nm wide, the radiation optical
quality factor Qe = Ωcav/κe is shown in (b) and the calculated gω and gκ are shown in (c).
we obtain gω and gκ (aware that ∂/∂(gap) = −∂/∂x). Fig. 6.5(b) shows how the external
optical quality factor is modified with respect to wring for a 20 nm gap. Fig. 6.5(c) shows
the calculated gω and gκ from this method (gap = 20 nm). As expected, this method
provides the result of the moving boundary component related to the displacement field,
as compared with Fig. 6.4(b). Interestingly, gκ has opposite sign from the calculated
gω with this method. Given that ρ(3)MB and ρ
(total)
MB have the same sign from the previous
calculation of gω, as well gω,PE, we obtain that the total optomechanical coupling rates
gω and gκ have opposite signals, which simply inverts the behavior obtained in Chapter
3 for the optical spring effect and optomechanical damping.
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Figure 6.6: Dispersive and dissipative optomechanical coupling strength for 20 nm gap between
the bullseye and the metallic ring.
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Fig. 6.6 summarizes the dependence of gω and gκ with respect to wring, for
20 nm spacing between the bullseye and the metallic ring – we chose this value of gap for
the calculation of the active bullseye results on the model, shown in the next section. A
particular property of our device is that the dispersive optomechanical coupling occurs
mainly due to the photoelastic effect, while the dissipative coupling is promoted by the
moving boundary mechanism. This means that indeed the two schemes are intrinsically
separated in our design, which allows for high overall optomechanical coupling factor. We
proceed now with numerical evaluation of the model for the obtained cavity parameters.
6.3 Results of the model
Finally we apply the results from the active bullseye design to the model
equations. We chose three wring sizes for the evaluation of the optomechanical feedback:
800 nm, 1000 nm and 1200 nm, with respective mechanical frequencies 2.625 GHz,
2.106 GHz and 1.758 GHz. As mentioned, we chose the gap of 20nm between the bullseye
and the metallic ring, which presented suitable parameters for the self-sustained oscillation
– given the well established current nanofabrication techniques, we don’t consider this
characteristic as a great issue for the experimental implementation. Also, we fixed the
mechanical quality factor to 5000, which is compatible with the demonstration in [53]4.
As seen in Fig. 6.7(a), the different values of Ωm/2pi move the operating point in the
current axis, since it controls the ΩR. As expected, since gω and gκ have opposite signals,
we obtain the inverted behavior of the spring effect, and the mechanical spring is only
hardened. Concerning the effective damping, we are interested in the amplification region,
where Γeff < 0, which can be readily achieved in any case. In special, for the case of
wring = 1000nm, we fixed the current at I/Ith = 2.5, where ΩR/2pi = 1.953 GHz and
inversely calculated what was the minimum Qm needed to reach Γeff = 0. The density
plot (Fig. 6.7(b)) presents in the color scale the values of Γeff and the black line points out
where it equals zero, such that points above this curve have it negative. Therefore, this
curve limits the amplification region. The fact that we have the possibility of tuning and a
tolerance interval around the minimum point shows the device robustness, and we strongly
believe that it represents an appropriate design for the experimental demonstration.
One may argue about the complexity of our design. For instance, the needed
small air gap and the small gain. Although they don’t represent a serious issue, there are
ways of improving this scenario. We observe that we have chosen the first radial order
of the optical mode, while higher radial orders are less confined and have a more spread
evanescent field, naturally leading then to a higher dissipative coupling. In fact, when
4It was observed Qm as high as 2300 for foundry fabricated devices, whose mask fabrication is based
on deep UV lithography. Therefore, it is expected that devices fabricated with electron beam lithography
present better resolution of the grooves, leading to higher Qm.
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Figure 6.7: Optical spring effect and self-oscillation regime in the active bullseye. (a)
We have calculated the optomechanical feedback for three values of wring: 1200 nm (red),
1000 nm (green) and 800 nm (blue), with the respective indicated mechanical frequencies and
displacement profiles. The relative shift in the mechanical frequency δΩm/Ωm (i) and the relative
optomechanical damping Γeff/Γm (ii) were evaluated for a fixed value of Qm = 5000 with respect
to the detuning ∆ = (ΩR − Ωm)/2pi, with interest in the amplification region where Γeff < 0.
The injected current controls ΩR, tuning the effect (iii). (b) For the case of wring = 1000nm, we
fix the current close to the minimum Γeff, where I/Ith = 2.5 (ΩR/2pi = 1.953GHz) and calculate
the needed Qm to achieve Γeff = 0. This condition is emphasized in the density plot by the
black curve – all the points above this curve will present then self-pulsed emission.
taper measurements are performed, higher radial order modes are more easily accessed
due to exactly this characteristic. Other possibility of improving the design is by using
different III-V alloys, such as InGaAsP, with emission between 1300 nm and 1600 nm.
Since the mode is less confined in these cases, higher gκ is expected – as mentioned, we
did not work with these materials in this design due to the absence of measurement of
the photoelastic constants of these alloys.
In conclusion, the active bullseye combined with a lossy structure presents
a suitable set of parameters for the realization of the predicted self sustained emission.
We discussed the steps of the cavity design, mainly concerning the engineering of the
dissipative optomechanical coupling, built up completely separated from the dispersive
coupling scheme – while the former is based on the moving boundary mechanism, the latter
is due to the photoelastic effect. Consequently, we obtain a cavity with strong overall
optomechanical coupling in a novel strategy for optomechanics in cavities. Therefore,
the active bullseye represents a realistic device for the pursue of the optomechanical
laser demonstration, which is expected to be an important result for the optomechanics
community.
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Chapter 7
Conclusion and Perspectives
In this thesis we investigated active optomechanical cavities built on III-V
semiconductor materials. By active, we mean an optomechanical cavity with an
embedded gain medium, such that mechanical oscillations are coupled to carriers and
photons dynamics, called then an optomechanical laser. We worked on the theoretical
and experimental aspects of such a device. Our main contribution is summarized
in three parts. First, we have built an original model for an active optomechanical
resonator, including the dissipative optomechanical scheme to couple laser and mechanical
oscillations. The optomechanical feedback is then allowed even in the absence of a coherent
driving field and a novel resonance between the mechanical motion and the laser relaxation
oscillation was derived, leading to self pulsed laser emission. In the experimental
part, active optomechanical microdisks based on a SQW InGaAs/GaAs structure were
fabricated and characterized, and the measured parameters were compared with the
simulation, demonstrating the design compatibility for the laser emission and for the
dispersive optomechanical interaction. Finally, we proposed the bullseye optomechanical
laser, a realistic design for the demonstration of the self pulsed emission, presenting
enhanced dispersive and dissipative optomechanical couplings. Below, we present these
three aspects with more detail.
We presented a model based on modified laser rate equations for the active
optomechanical resonator. Under a semi-classical approach, we verified that it is necessary
to consider a combined optomechanical coupling, where both the optical frequency and
the losses are modulated by the mechanical vibration – the dispersive optomechanical
coupling is responsible for the optical force, which drives the mechanical oscillator, while
the dissipative mechanism promotes the optical loss modulation. Therefore photons,
carriers and mechanical oscillation interact despite the absence of the external laser drive,
an essential element in usual cavity optomechanics. Since there is no external laser and,
therefore, no detuning, the control is exerted uniquely by the injected current, which
tunes the relaxation oscillation frequency. With appropriate cavity parameters, the laser
feedback induces the self sustained regime of the mechanical motion, followed by photons
Chapter 7 Conclusion and Perspectives 96
and carriers, then a self pulsed laser is obtained. We discussed the constraints between the
mechanical and the laser parameters for the demonstration of the self pulsed emission,
satisfied by the design of the active bullseye. The proposal for this model was first
published in a book chapter [117]. The final results concerning the proper optomechanical
laser design and a in depth analysis of the dynamics presented in this thesis were submitted
for publication and it is currently under review.
The experimental results were mainly obtained in the established collaboration
with Dr. Favero’s team in Université Paris Diderot. During the sandwich period, we
explored microdisk optomechanical resonators based on a quantum well gain medium,
showing the compatibility of this design for optomechanics and laser emission under
optical pumping. Problems during the growth limited the mechanical quality of the
samples and due to the low level emission we could not perform optomechanical
experiments from the emitted light, as discussed. Nevertheless, we have shown the
coexistence of optomechanical coupling with laser emission and these preliminary results
are the basis for improvements to be performed and other designs to be explored; also,
we were able to compare the expected parameters with the measurements. In this sense,
the disk is a precursor stage for the fabrication of the active bullseye.
Finally, we have fully designed an optomechanical laser based on the recently
demonstrated bullseye optomechanical resonator. This device, based on our model and
experimental parameters, is shown to be quite a feasible structure for the experimental
demonstration of the optomechanical laser. Considering our model combining dispersive
and dissipative optomechanical schemes and the available gain in III-V material, our
design was based on the bullseye structure, which presents high dispersive optomechanical
coupling due to the optimized overlap between the optical and the mechanical mode. The
dissipative coupling is then allowed by near field interaction with an external concentric
metallic ring placed near the bullseye disk edge, spaced by a small air gap. While the
dispersive coupling is mainly due to the photoelastic effect, the dissipative interaction is
promoted by the motion of the disk boundaries, evidencing the independence between the
coupling mechanisms in this design. Considering an appropriate quantum well design,
it is possible to obtain a cavity with suitable parameters for the demonstration of the
self pulsed emission, making it a good candidate for the experimental realization of the
optomechanical laser.
Besides the theoretical work shown here, there are potential aspects of our
model still to be explored. Regarding the system dynamics, for instance, one could develop
other strategies for the dissipative optomechanical coupling engineering. Coupled cavities
with variable gain and absorption, such as PT laser cavities, may be investigated, using
the abrupt crossing in the frequency dispersion for enhancement of the optomechanical
coupling factor – since the crossing can be also designed for the imaginary parts of the
frequencies, the dissipative coupling may be as well enhanced. In this sense, the extension
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of the model for multimode equations, optical or mechanical, may also apply.
Another facet on this subject is the steady state problem, which can be further
explored for the case of a narrow gain bandwidth, similar to the one provided by a single
quantum dot or a quantum dot array. We preliminarily treated this problem and verified
that bistability may occur in the presence of a very narrow transition [117]. However, a
non realistic linewidth was necessary, not experimentally reproducible in a quantum dots
ensemble. Therefore, the pursuit of a more realistic system is a potential open problem.
In summary, we have developed a design based on realistic parameters,
demonstrated feasible fabrication techniques and on our deep novel understanding
of the dynamics between mechanical vibration and laser relaxation oscillation in an
optomechanical laser based on III-V materials. This work has brought major advance
in the field and paves the way for further experimental demonstration. In fact, the
fabrication of the optomechanical bullseye laser is a main subject of investigation in our
laboratory today.
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Appendix A
Gain of a quantum well
We show here calculation of the optical transition and gain in semiconductor,
detailing the case of a quantum well. This derivation was done before in the literature
[99,118] and this appendix is a quick reference for the reader. First, the wave functions for
electrons and holes have to be determined by the Schrödinger’s equation, treating the band
discontinuities as finite wells for carriers – from these solutions, we calculate their overlap
and the energy levels which establish the transition energy. After that, time-dependent
perturbation theory allows to obtain the transition rates due to the interaction with
an electromagnetic field through Fermi’s Golden Rule. It is also shown the connection
between absorption, spontaneous and stimulated emission from the Einstein coefficients,
the definition of quasi-Fermi levels and inversion, and how the optical confinement affects
the density of states and consequently the gain rate.
A.1 Solution of the quantum well
Discontinuities in the DH’s energy bands naturally form potential barriers for
carriers. With a thin middle layer of length L, a finite well is defined, as illustrated in
Fig. A.1. The reference taken to find the solutions is put the well bottom as zero energy
and the discontinuity, ∆Ec or ∆Ev, is the barrier V0. At this point, electrons and holes
are solved separately and later the energy reference is adjusted.
V(z)
z-L/2 L/2
V0
Figure A.1: Representation of a potential well with length L and barrier V0. For solution of the
electron wavefunction, the bottom of CB is set as zero; for holes, we use the same scheme but
with V (z) > 0 towards down and the top of VB as the zero reference (see Fig.2.2).
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The finite barrier is described in one dimension
V (z) =
V0 if |z| > L/20 if |z| ≤ L/2 (A.1)
and then we solve the Schrödinger’s equation in one dimension:[
− ~
2
2m∗
d2
dz2
+ V (z)
]
ψ(z) = Eψ(z) (A.2)
where ψ(z) is the carrier wavefunction with effective massm∗ – inside the well the effective
mass is mw and in the barrier is mb. The bound states are the solutions with 0 < E < V0,
and for E > V0 the states are in the continuum.
The even solutions for the equation are given by
ψ(z) =
C1e
−K(|z|−L/2) if |z| > L/2
C2 cos(kz) if |z| ≤ L/2
(A.3)
with C1, C2 constants and
K =
√
2mb(V0 − E)
~
(A.4)
k =
√
2mwE
~
(A.5)
Using the boundary conditions – continuity of ψ(z) and of dψ(z)/dz at |z| = L/2 – we
get the constraint
K = mb
mw
k tan
(
kL
2
)
(A.6)
With the values of K and k determined by A.4 and A.5 respectively we get
K2 + mb
mw
k2 = 2mbV0
~2
(A.7)
Simultaneous solution of A.6 and A.7 provides then the quantized energies. From the
wavefunction normalization we calculate C1 and C2:
C1 = C2 cos
(
kL
2
)
(A.8)
C2 =
√√√√ 2
L+ 2
K
[
cos2
(
kL
2
)
+ mb
mw
sin2
(
kL
2
)] (A.9)
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Similar procedure is done for the odd solutions:
ψ(z) =

−C1eK(z+L/2) if z < −L/2
C2 sin(kz) if |z| ≤ L/2
C1e
−K(z−L/2) if z > L/2
(A.10)
The constraint coming from the boundary conditions is
K = −mb
mw
k cot
(
kL
2
)
(A.11)
and from A.11 and A.7 we get the energy levels. C1 and C2 in this case are:
C1 = C2 sin
(
kL
2
)
(A.12)
C2 =
√√√√ 2
L+ 2
K
[
sin2
(
kL
2
)
+ mb
mw
cos2
(
kL
2
)] (A.13)
A.2 Optical transitions using Fermi’s Golden Rule
We start describing the interaction between electrons and light as a
perturbation H ′(r, t) in the Hamiltonian, with H ′(r, t) = − q
m0
A · p, where q is the
elementary charge and m0 is the free electron mass. Assuming that the field has the
form E = eE0 cos(ωt− k · r) for some polarization e, we have E0 =
(
2~ω
V
)1/2
, such as the
Poynting vector has the same value of a photon incident in a volume V and speed c/n0:
S = 〈S(r, t)〉 = 12 E
2
0c
n0
= ~ωc
n0V
, where n0 is the refractive index of the medium and  = n200
is the permittivity. The vector potential is then A = −e
(
2~
ωV
)1/2
sin(ωt− k · r) and the
perturbation is
H ′(r, t) = − q
m0
A(r, t) · p = H ′(r)e−iωt +H ′†(r)e+iωt (A.14)
with H ′(r) = q e
ik·r
2m0
(
2~
ωV
)1/2
(e · p) (A.15)
The transition rate of an electron in initial state a to final state b by interaction with a
photon of energy E = ~ω is given by Fermi’s Golden Rule:
Wabs =
2pi
~
|〈b|H ′ |a〉|2 δ(Eb − Ea − E)
= q
2
2m20
(
h
EV
)
|(e · p)ab|2 δ(Eb − Ea − E) (A.16)
where |(e · p)ab| is the transition matrix due to the dipole interaction between the charge
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carriers and the field and we assumed Eb > Ea. Analogously, we may write the transition
rate for the opposite transition:
Wem =
2pi
~
|〈a|H ′ |b〉|2 δ(Ea − Eb + E)
= q
2
2m20
(
h
EV
)
|(e · p)ab|2 δ(Ea − Eb + E) (A.17)
The total upward rate transition per unit volume is the sum of over all the possible wave
vectors kb and ka, over the spins (factor 2) and all possible states:
Ra→b =
2
V
∑
ka
∑
kb
2pi
~
|H ′ba|2 δ(Eb − Ea − E)fa(1− fb) (A.18)
fa and fb are the Fermi-Dirac occupation probabilities of the states a and b, considering
that they are in equilibrium with each respective quasi-Fermi level EF (a,b):
f(a,b) =
1
e(E(a,b)−EF (a,b))/kBT + 1
(A.19)
where kB is the Boltzmann constant and T is the temperature. The total downward rate
transition is then
Rb→a =
2
V
∑
ka
∑
kb
2pi
~
|H ′ab|2 δ(Ea − Eb + E)fb(1− fa) (A.20)
Counting upwards and downwards transitions, there is an upward net transition rate R
R = Rb→a −Ra→b = 2
V
∑
ka
∑
kb
2pi
~
|H ′ab|2 δ(Ea − Eb + E)(fb − fa) (A.21)
After R, we define the gain in the semiconductor :
G = # photons emitted per unit volume per second# photons injected per unit area per second =
R
S/E
(A.22)
G = 2
V
pi~q2
m20n0c0E
∑
ka
∑
kb
|(e · p)ab|2 δ(Ea − Eb + E)(fb − fa) (A.23)
(fb − fa) gives the population inversion of the system and it will determine if the cavity
is absorptive (G < 0) or has net gain (G > 0).
In the following steps, we will relate the material gain with the spontaneous
emission, in order to obtain the total spontaneous emission rate as function of the gain and
vice-versa. Also, we will calculate the interaction matrix element H ′ab using the method
k · p for the bands wave functions.
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A.2.1 Relation between spontaneous emission and gain
Consider a closed semiconductor cavity with volume V and N (E) photonic
states between the energies E and E+∆E. Electronic transitions occur between electrons
in the conduction band, with energy Ec and wave vector kc, and holes in the valence band,
with energy Ev and wave vector kv. This is equivalent to a two-level system where the
valence band is the lower level E1 and the conduction band is the upper level E2. As
mentioned, electrons and holes are in equilibrium with the respective quasi-Fermi levels
EFc and EFh and have occupation probabilities given by Fermi-Dirac distributions, while
the photons in the cavity follow the Bose-Einstein distribution P(E):
P(E) = 1
e(E/kBT) − 1 (A.24)
The total radiative recombination rate Rrad is given by sum of the absorption rate and
the emission processes rates, that include spontaneous and stimulated emission:
Rrad = A21f2(1− f1) +B21f2(1− f1)ρ(E21)−B12f1(1− f2)ρ(E21) (A.25)
where A21 and B(21,12) are the Einstein’s coefficients and ρ(E21) is the spectral density,
defined ρ(E) = N (E)P(E). A21 refers to the spontaneous emission process and B21
refers to the stimulated emission, while the absorption is referred by B12. At thermal
equilibrium, the quasi-Fermi levels are equal, EeqFc = E
eq
Fv = EF , such as the chemical
potential is zero, ∆µeq = EeqFc −EeqFv = 0. At this condition, all the photons absorbed are
re-emitted: Reqrad = 0⇒ B21f eq2 (1−f eq1 )ρ(E21)−B12f eq1 (1−f eq2 )ρ(E21) = −A21f eq2 (1−f eq1 ).
We solve it making B21 = B12 = B and A21 = N(E21)B, which are general relations. We
write the expressions for the spontaneous emission Rsp and stimulated emission Rst rates:
Rsp = Bf2(1− f1)N(E21) (A.26)
Rst = B(f2 − f1)ρ(E21) (A.27)
The coefficient B gives the probability of the transition of an electron/hole between the
levels E1 and E2. The absorption and stimulated emission depend on the spectral density
of photons that have the same energy of the transition, while the spontaneous emission
depends on all the available photonic states. The population inversion (f2 − f1) appears
in the simulated emission rate, being a requirement for such transition. When charge
carriers are injected into the cavity, the system is out of equilibrium and the quasi-Fermi
levels change and so the chemical potential: ∆µ = EFc − EFv 6= 0 – in this situation the
cavity is either absorptive or amplify the light and both regimes are described by the net
gain.
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Now we proceed to calculation of the gain. Consider that the cavity has
a photon density pm in a certain mode m with energy E and linewidth ∆E, such as
ρm = pmV∆E . Since the mode is propagating in the cavity and the photons interact with
matter, pm is spatially dependent. Supposing the cavity is homogeneous, we can write:
dpm
dx
= dpm
dt
dt
dx
=
(
βRsp +Rst
V
)
n0
c
=
[
βA21f2(1− f1)
V
+ B(f2 − f1)pm∆E
]
n0
c
(A.28)
where β is the fraction of the spontaneous emission coupled to the m-mode, c is the light
velocity and n0 is the refractive index of the medium. Note that from the term B(f2−f1)vg∆E ,
vg = c/n01, we infer if the photon population has exponential growth or decay along the
propagation. We identify this term as the net gain. It is interesting to write the gain as
function of the spontaneous emission rate, using equation (A.26):
G(E21, f1, f2) =
B(f2 − f1)
vg∆E
= Rsp(f2 − f1)
f2(1− f1)N (E21)vg∆E
= RspN (E21)vg∆E (1− e
(E21−∆µ)/kBT) (A.29)
We observe that there is a close relation between the spontaneous emission and the gain.
It will be useful to deal with density quantities, then we define R′sp = Rsp/V∆E, obtaining
G(E21, f1, f2) =
R′sp
η(E21)vg
(1− e(E21−∆µ)/kBT) (A.30)
where η(E21) = N (E21)/V is the density of states for the photons in the cavity. In a
reciprocal way, we may derive the spontaneous emission rate for a energy interval ∆E:
R′sp =
η(E21)vg
1− e(E21−∆µ)/kBTG(E21, f1, f2) (A.31)
To evaluate the gain and the spontaneous emission rate, we must calculate the matrix
element of the interaction, the total number of available photonic states and the chemical
potential ∆µ, which is dependent on the quasi-Fermi levels and, therefore, it depends on
the charge carrier injection.
A.2.2 Density of states for photons η(E)
For a large cavity, which is our case (approximately cube of side L, L  λ),
we use the continuous black body states distribution. This may change for small cavities,
in which the states have discrete features, and then the spontaneous emission is modified
by the Purcell factor. The total number of available states is the ratio between the total
1As we did in the main text in Chapter 2, we approximate the phase velocity to the group velocity,
disregarding the medium dispersion.
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volume in the reciprocal space and the volume of each state:
NT = 2
4pik3
3
(2pi
L
)3 (A.32)
Due to the polarization of the photon, we insert a factor 2. Using the dispersion relation
for the photon: ωk = ck/n0, we write NT depending on the energy, Ek = ~k/n0. The
number of states per energy interval is given by
N (E) = dNT
dE
= d
dE
[(
n0E
~c
)3 L3
3pi2
]
= V
(
n0
~c
)3 E2
pi2
(A.33)
And the density of states for the photons η(E) is then
η(E) =
(
n0
~c
)3 E2
pi2
= 8pin
3
0E
2
h3c3
(A.34)
A.2.3 Calculation of the matrix element |(e · p)ab|2
In order to perform the calculation of |(e · p)ab|2, we must have the wave
functions for electrons and holes. In the case of a semiconductor quantum well, the
wave functions will be slightly modified from the ones of the bulk material, since in one
direction we no longer have periodic condition and typically the thickness L of the well
is comparable to the de Broglie wavelength of the charge carriers. However, in the plane
direction perpendicular to the growth the conditions are the same and the problem is
decoupled. The bulk wave functions are obtained by the k · p method, in which the
Hamiltonian is modified by a term (~/2pim0)k · p due to the interactions in the crystal,
in such way that the problem can be solved as a perturbation problem of an atomic-like
Hamiltonian with s-like and p-like eigenfunctions [99, 118]. Near k = 0, the solution of
the problem is given by 8 eigenfunctions: the conduction band correspond to the s-like
eigenfunctions, with l = 0, J = 1/2 and mj = ±1/2, and the valence band is represented
by p-like wavefunctions, l = 0 or l = 1, separated in heavy holes (l = 1, J = 1/2 and
mj = ±3/2), light holes (l = 1, J = 1/2 and mj = ±1/2) and the split-off band (l = 0,
J = 1/2 and mj = ±1/2). We define the effective mass of each band to write the energy
in the parabolic approximation: m∗c , m∗lh, m∗hhandm∗so. The respective energies are written
within the perturbation analysis and it includes the experimental value of the spin-orbit
splitting ∆so. In a general way, the transition matrix elements are proportional to M2
given by
M2 =
(
m0
m∗c
− 1
)
m0
6
Eg(Eg + ∆so)
(Eg + 2/3∆so)
≈
(
m20
6m∗c
)
Eg(Eg + ∆so)
(Eg + 2/3∆so)
(A.35)
where m0  m∗i generally and Eg is later substituted by Etransition. Only transitions
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between electrons and heavy and light holes are considered, since the split-off band has
an energy offset that significantly reduces the occupation probability. The light holes
band also has a reduced population due to the smaller density of states and this effect is
increased in the presence of strain in the structure. The band structure for the quantum
well, for any k, becomes a superposition of the quantized levels and the parabolic band.
For the level with energy Ei,n of the i-band, the total energy Et,i,n is
Et,i,n =
~k2
2m∗i
+ Ei,n (A.36)
In the case of the quantum well, the asymmetry makes the transitions rates be dependent
on the polarization, such as that the proportionality factor is 0 for the TM polarization.
For the TE polarization and considering transitions only between states with same spin
(factor 1/2), the final result for the transition matrix element is:
|(e · p)ab|2QW,TE =
(1
2
)
m20
6m∗c
Eg(Eg + ∆so)
(Eg + 2/3∆so)
3
4
(
1 + Ei,n
Et,i,n
)
= m
2
0
16m∗c
Eg(Eg + ∆so)
(Eg + 2/3∆so)
(
1 + Ei,n
Et,i,n
)
(A.37)
A.2.4 Quasi-Fermi levels
Consider we have solved the quantum well for electrons and holes, finding the
levels Ec1, Ec2, ..., Ecm and Ev1, Ev2, ..., Evj. Transitions are allowed between the i-th level
in the conduction band with the i-th level in the valence band, holding the selection
rules. We are interested in calculate the quasi-Fermi levels for both charge carriers. In
the most general case, as in the bulk, the total number of free carriers is equal to the
density of states multiplied by the probability of occupation. The DOS, in this case, can
be calculated from the free electron dispersion, E(k) = ~k2/2m0, and it is equal to
ρ3D(E) = 12pi2
(2m0
~2
)3/2
E1/2 (A.38)
However, under confinement in one or more directions, the density of states is modified.
In the case of the quantum well, the confinement occurs in the direction of the growth,
and the DOS is then
ρ2D = m0
pi~2L
(A.39)
The DOS in this case is energy independent. The total number of electron n− and of
holes n+ are the sum of carriers populating states inside the well and in the continuum
over the barrier, respecting the DOS and energy hierarchy. They can be calculated then
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as n− = n−QW + n−B and n+ = n+QW + n+B:
n− =
∫ Ecb
Ec1
ρ2Df2(E ′)dE ′ +
∫ ∞
Ecb
ρ3D(E ′ − Ecb)f2(E ′)dE ′ (A.40)
n+ =
∫ Evb
Ev1
ρ2Df1(E ′)dE ′ +
∫ ∞
Evb
ρ3D(E ′ − Evb)f1(E ′)dE (A.41)
substituting m0 for the respective effective masses. In the case of undoped semiconductor,
given n, n = n− = n+, we use equations A.40, A.41 to calculate the quasi Fermi levels
and the chemical potential. For a doped semiconductor, the free charge carriers must be
count in A.40, A.41.
A.2.5 Expression for gain and inclusion of intraband relaxation
The final form of the material gain expression is obtained from equation A.23.
From the k-selection rule, we only must sum over k such as k = kc = kv. In the integral
form, considering that k is integrated over 2 dimensions, we have
G(E) = 2
V
pi~q2
m20n0c0E
A
(2pi)2
∫
d2k |(e · p)ab|2 δ(E − Ec + Ev)(fc(k)− fv(k)) (A.42)
Before calculating the integral, we must rearrange the energies to the same referential.
Choosing the top of valence band as the zero energy, we have:
Ec(k) = Eg +
~2k2
2m∗c
+ Ec,m (A.43)
Ev(k) = −~
2k2
2m∗v
− Eh,j (A.44)
where Ec,m > 0 and Ev,j > 0 are the energy of the levels of the wells measured from the
bottom or from the top of the band. The transition energy Ec − Ev for k ≈ 0 is then
Ec,mv,j = Eg +Ec,m +Ev,j. Since the energies are in the same reference, we may perform a
change of variables in the integral of equation A.42,
X(E,k) = E − Ec(k) + Ev(k) = E − Eg − ~
2k2
2m∗c
− Ec,m − ~
2k2
2m∗v
− Eh,j
= E − Ec,mv,j −
~2k2
2m∗r
(A.45)
k(E) =
√
2m∗r(E − Ec,mv,j −X)
~2
(A.46)
where m∗r is the reduced mass: m∗r ≡ m
∗
cm
∗
v
m∗c+m∗v
. Due to the delta function we must have
X = 0 and we define k0 = k(X = 0):
k0 =
√
2m∗r(E − Ec,mv,j )
~2
(A.47)
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The last step of the change of variables from k to E ′ is to include the reduced density of
states. We define E ′ = ~2k22m∗r , then
2A
V
∫ d2k
(2pi2) =
∫
dE ′ρ2Dr , where ρ2Dr is the DOS as defined
in (A.39), substituting the free electron mass by the reduced mass. Summing over all
possible transitions, each term of the sum must be weighted by the integral of the overlap
between the wavefunctions of the electrons and holes
∣∣∣Ic,mv,j ∣∣∣2. The gain is then written in
the final form
G(E) =
∑
j,m
∣∣∣Ic,mv,j ∣∣∣2 pi~q2m20n0c0E
∫
dE ′ρ2Dr |(e · p)ab|2 δ(E − Ec,jv,m − E ′)(f rc − f rv ) (A.48)
f rv =
1
e
(−Eh,j−m
∗
r
m∗v
E′−EFv)/kBT + 1
, f rc =
1
e
(Eg+Ec,m+
m∗r
m∗c
E′−EFc)/kBT + 1
(A.49)
In order to make more realistic predictions about the shape of the gain, we include the
effect of carrier relaxation, which introduces broadening in their energies profiles. This
thermalization is characterized by a typical time, called intraband relaxation time, τintra,
in the order of 0.1 - 0.5ps for III-V materials. The resulting Gintra(E) is the convolution
of the gain in A.48 with a normalized Lorentzian function with linewidth ε = ~/τintra:
Gintra(E) =
∫
G(E ′) 1
piε
1
1 +
(
E−E′
ε
)2dE ′ (A.50)
If desirable, we obtain the spontaneous emission rate then from A.31.
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Appendix B
Propagation constant and refractive
index in a semiconductor
There is a close connection between the complex dielectric constant in a
semiconductor and the optical gain. Such connection is direct from Kramers-Kronig
relations (or dispersion relations), which establish the reciprocal dependence between
refractive index and absorption in a medium [118]. The following derivation for a
semiconductor laser explicits this intrinsic relation coming from the calculation of the
propagation constant. Starting from the wave equation 2.3, derivated in Chapter 2, we
search for harmonic fields in time:
E (r, t) = Re{E(r)e−iΩt} (B.1a)
P(r, t) = Re{P(r)e−iΩt} (B.1b)
where Ω is their oscillation frequency, defining the vacuum wavelength λ = 2pic/Ω. The
fields have complex amplitudes since they contain information about the phase, taken
arbitrarily. When this ansatz is put in equation 2.3, we get
∇2E+ iΩσ
0c2
E− Ω
2
c2
E = Ω
2
0c2
P (B.2)
and applying the linear susceptibility approximation, P = 0χ(Ω)E,
∇2E = −iΩσ
0c2
E− Ω
2
c2
E+ Ω
2χ
c2
E (B.3)
From that, we define the complex dielectric constant (Ω) = 1 + χ + i σ
0Ω , obtaining the
time-independent wave-equation
∇2E+ k20E = 0 (B.4)
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where k0 = Ω/c = 2pi/λ is the propagation constant (or vacuum wavenumber). Solution
of this equation gives good approximation for the cavity’s quasi-modes – since there is
loss, the temporal amplitude varies, hence the optical field in the laser does not configure
a mode in fact.
Following, standard procedure considers a plane wave propagating in certain
direction, z-axis here, with established polarization (xˆ) and constant amplitude E0:
E = xˆE0eik˜z (B.5)
k˜ is the complex propagating constant, which represents the modification of the field of the
vacuum due to propagation in the medium. Using B.5 in B.4, we get k˜ = k0
√
 = k0n˜ref,
where we defined the complex index n˜ref from the dielectric constant. It is convenient to
separate the real and imaginary parts:
n˜ref = nr + i(α/2k0) (B.6)
nr is the index of refraction and α is called absorption coefficient. The propagation
constant is written k˜ = k0nr + iα/2, with the information about spatial amplification or
decay held then in its imaginary part. Since both nr and α depend on the susceptibility,
they are affected by pump of the material. The net absorption α is usually called gain
when it is positive, as discussed in Appendix A (see section A.2.1). Also in Appendix
A, it is shown how to calculate it depending on the injected carrier density and photon
energy. Moreover, changes in the real part, nr = n0 + δn, affects the resonances position
and their spacing, effect known as chirp.
In conclusion, it is seen that when the semiconductor cavity is pumped the
medium becomes absorptive and eventually it provides gain; this process is always followed
by change of the refractive index, shifting the lasing frequency. The change of refractive
index is ordinarily small (δn/nr < 0.01), however, it still may change spectral properties
of the laser – in special the laser linewidth, through the linewidth enhancement factor, as
shown in Chapter 2 [86].
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Appendix C
Optical force with dispersive and
dissipative couplings
We show here the optical force derivation for an optomechanical system
that sustains both dispersive and dissipative couplings. From the usual description
for dispersively coupled systems, we include (optical) dissipation by considering the
interaction of the cavity field with an optical bath described as a continuous field with
annihilation (creation) operator aˆω (aˆ†ω), such as [aˆω(t), aˆ†ω(t′)] = δ(t− t′), considering zero
temperature bath [91]. The total Hamiltonian of the system including the bath is [94]
H
~
= Ωcav(x)aˆ†aˆ + Ωmbˆ†bˆ+
∫
dω ω aˆ†ωaˆω − i
√
κe(x)
2pi
∫
dω (aˆ†ωaˆ− aˆ†aˆω) (C.1)
where bˆ (bˆ†) is the phonon annihilation (creation) operator, set with frequency Ωm and
normalized with respect to the zero point fluctuation of the harmonic oscillator: x/xzpf =
(bˆ + bˆ†). The usual dispersive coupling corresponds to the mechanical modulation of the
optical frequency: Ωcav(x) = Ωcav + gωx, with coupling strength gω in units of frequency
per length. We suppose that the coupling between optical cavity and bath κe is also
modulated by the mechanical oscillator: κe(x) = κe + gκx, with coupling factor gκ –
considering negligible internal losses, that can be later added as a decay rate κi. The
Heisenberg equations of motion for aˆ(t) and aˆω(t) are
daˆ
dt
= −iΩcav(x)aˆ +
√
κe(x)
2pi
∫
dω aˆω (C.2)
daˆω
dt
= −iωaˆω −
√
κe(x)
2pi aˆ (C.3)
Solving equation C.3, we find the general relation
1√
2pi
∫
dω aˆω(t) = aˆin(t)−
√
κe(x)
2 aˆ(t) (C.4)
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where we defined aˆin(t) = 1√2pi
∫
dω aˆω(t0)e−iω(t−t0), t0 < t. Due to the commutation
relation for the bath operators, we have [aˆin(t), aˆ†in(t′)] = δ(t− t′). The ensemble averages
are given by 〈aˆin(t)aˆ†in(t′)〉 = δ(t − t′) and 〈aˆ†in(t)aˆin(t′)〉 = 0. Analogously we write the
output field aˆout:
1√
2pi
∫
dω aˆω(t) = aˆout(t) +
√
κe(x)
2 aˆ(t) (C.5)
with aˆout(t) = 1√2pi
∫
dω aˆω(t1)e−iω(t−t1), t1 > t. aˆin and aˆout are related by
aˆout(t)− aˆin(t) =
√
κe(x)aˆ(t) (C.6)
Equation C.2 is rearranged using C.4:
daˆ
dt
= −iΩcav(x)aˆ− κe(x)2 aˆ +
√
κe(x)aˆin(t) (C.7)
The averaged version of this equation is obtained for an optical cavity in Coupled Mode
Theory, considering a decay rate κe(x) and an input field ain = 〈aˆin〉. For the usual
application, one should put it in the rotated referential, making explicit the detuning
term ΩL − Ωcav(x) in the phase. The interaction Hamiltonian which describes the
optomechanical coupling with explicit dependency on x is then
Hint
~
= gωxˆaˆ†aˆ− i gκ2√κe xˆ(aˆ
†
inaˆ− aˆ†aˆin) (C.8)
where we used the expression C.4 and the expansion
√
κe(x) =
√
κe + gκx ≈ √κe + gκ2√κex (C.9)
Finally, we obtain the optical force derived from interaction Hamiltonian, F = −dHint
dxˆ
:
F = −~gωaˆ†aˆ + i~ gκ2√κe (aˆ
†
inaˆ− aˆ†aˆin)
= −~gωaˆ†aˆ + i~ gκ2√κe (aˆ
†
outaˆ− aˆ†aˆout) (C.10)
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Appendix D
Devices in InP platform
In this appendix, we show the brief experimental activities developed in our
laboratory during this project. We have chosen to fabricate devices in InP platform,
with emission around 1550nm. With the establishment of the collaboration, we gave
priority for the devices on GaAs platform, such that the experimental work shown here
is concentrated in the calibration of the hard mask process, based on the electronic resist
HSQ, and in the optical measurements setups. We discuss the fabrication differences from
the GaAs platform, presented in the main text of this thesis, the calibration results of the
HSQ resist recipe, and details of the setup for low temperature photoluminescence with
spatial resolution, acquired during this work.
D.1 InGaAs/InGaAsP MQW structure
Given the previous experience in our group with devices based on structures
grown on InP, we chose to work in the same platform for the instrumentation development.
An essential difference from the GaAs is that here the substrate and the disk are from
different materials – the substrate is InP and the disk is constituted of alloys grown
lattice-matched to InP, such as InGaAs with 53 % on In composition or InGaAsP
quaternary alloys. A distinction from the devices fabricated previously in our laboratory
was the choice for optical pump instead of the usual electrical injection. With this
condition, we verified that the bulk material as gain medium (based then on InGaAs,
with bandgap of 0.74 eV, equivalent to emission at 1.68 µm) was inappropriate due to
the non radiative recombination in the InGaAs layer – similar to GaAs, it presents high
surface recombination velocity –, then we moved to multiple quantum well structures.
The well was composed of InGaAs and the barriers were based on InGaAsP, all layers
lattice matched to InP1. As shown in Chapter 4, we adjust the well composition and
1The interpolation formula for the lattice constant in the In1−xGaxAsyP1−y alloy matched to InP
provides the relation x = 0.453y/(1 − 0.031y). The bandgap is given by Eg(x, y) = 1.35 + 0.642x −
1.101y + 0.758x2 + 0.101y2 − 0.159xy − 0.28x2y + 0.109xy2 [79].
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thickness in order to have emission in the desired wavelength. The grown structure
was composed of six In0.53Ga0.47As quantum wells 7 nm thick, separated by 10 nm thick
In0.81Ga0.19As0.415P0.585 barriers. The cap layers, from the same barrier material, were
70 nm thick, then the disk should be 232 nm thick – the scheme of the structure is shown
in Fig. D.1(a). With this composition, the calculated transition wavelength is 1.56 µm,
compatible with the measured photoluminescence from the wafer (Fig. D.1(b)). All
our samples were grown in the LabSem – Laboratório de Semicondutores/PUC-Rio, in
collaboration with the professor Dr. Maurício Pires and Dr. Patrícia Lustoza (UFRJ).
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Figure D.1: (a) Multiple quantum wells structure on InP substrate. (b) Photoluminescence
measurement from the wafer.
Following the scheme shown in Fig. 5.1, the fabrication steps are very similar,
with deposition of a resist mask for the pillar etching, transfer of the mask to the material
(it is advisable to etch few µm’s of the InP substrate to build the pedestal) and finally the
pedestal selective etching. Since our fiber measurements are made with a loop, a mesa
would not be necessary – instead, a support structure “parking lot” is built to clamp the
fiber. Concerning the fabrication techniques, microdisk lasers were fabricated in the past
using the Focused Ion Beam milling (FIB) [48], but it was proven to be unsuitable for
optically pumped devices due to the ion implantation (gallium) in the disk walls. We
also tried a selective wet etching based on the mixture of Sulphuric Acid and Hydrogen
Peroxide (1H2SO4:8H2O2:40H2O) – InGaAs e InGaAsP are etched and not the InP –,
but the resulting disk had rough walls due to the different compositions of barrier and
wells, etched at different rate in the plane direction. Therefore, it was necessary to develop
different fabrication techniques for the etching. Conveniently, during this project a plasma
etching system was acquired, the ICP-RIE (Inductively Coupled Plasma – Reactive Ion
Etching) – Oxford Plasmalab 100. The dry etching of InGaAs/InGaAsP structures, as well
InP, is usually based on methane (CH4) mixtures or halogen gases. Since our machine is
also used for Si-based devices, the available option is the chlorine gas (Cl2) based etching.
For that, it is necessary to have resistant mask, for what we have chosen to work with
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the HSQ e-beam resist, described in the next section. The fabrication was performed at
CCS Nano (Centro de Componentes Semicondutores e Nanotecnologias – Unicamp) and
at our laboratory’s clean room.
D.2 E-beam lithography with HSQ
It was necessary to calibrate the recipe for the electronic resist HSQ, short
for Hydrogen Silsesquioxane (Dow Corning® XR-1541 E-Beam Resist [119]). In contrast
with the typical polymeric resins, HSQ is classified as a spin-on-glass resist, since after
exposure the films is composed of silica-like material ([HSiO3]2x). Such composition gives
high etch resistance to the mask, called “hard mask” (similar to masks formed by direct
deposition of silicon dioxide or silicon nitride). Resist exposition is done through electron
beam lithography with direct writing (negative tone). HSQ films are usually very thin
compared to other e-resists, providing high resolution and low wall roughness [120–122].
In our laboratory, we use the solution with 6 % concentration in MIBK (Methyl Isobutyl
Ketone), with which one may get 85 to 180 nm thick films; the minimal feature size is
6nm – which limits the beam speed, since a very small beam step size is necessary during
the writing. We are specially interested in its dry etching resistance, eliminating the
need of multiple fabrication steps for hard mask deposition – usually a SiO2 or SiNx film
is deposited, a lithography based on organic resist is performed and this soft mask is
transfered to the film under it by etching [123–125]. Another positive feature from HSQ
is its easy removal with HF (Hydrofluoric Acid), as any silica based film, in contrast to
organic cleaning process for polymeric resists, which may damage the III-V materials.
The optimization of HSQ lithography recipe must take account of the following
parameters: spinner rotation speed for the resist spin coat, time and temperature of the
post application bake, exposition dose (it also depends on the electron beam acceleration
voltage), developer concentration and development time; post exposition processes and
special conditions of the development may also apply according to the structure to be
written. It is not necessary any type of adhesion promoter, but it is advisable to do the
dehydration bake of the sample before the resist coating – 4 minutes at 170◦C is sufficient.
We chose a spin condition of 3000rpm for 60s (the spinner in our laboratory does not have
an acceleration ramp) in order to have a 100 nm thick film (±10 nm). The bake is done
at 170◦ C for 4 minutes. We observed that with higher temperature, the resist sensitivity
is enhanced (in the sense that a lower dose is necessary for exposure), but the residual
mask is thinner, while with lower temperature the film is thicker although less sensitive,
demanding higher dose – this is compatible to the reported in the literature [120–122]. We
performed dose test varying it from 100 µC/cm2 to 800 µC/cm2 with beam accelerated
at 30 kV, the maximum allowed in our electron beam lithography system (Raith® eLINE
Plus 150) – it is remarkable that most of the reported recipes for HSQ uses from 60 kV
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to 100 kV acceleration voltage, since it enables higher resolution, although demanding
higher dose; the optimized recipe developed in our laboratory has then lower dose than
the usual (> 1000 µC/cm2). We used the 10 µm aperture, compatible with the necessary
resolution, and the registered average current was around 30-40 pA. The area step was
adjusted according to the dose keeping the beam speed below 10mm/s (maximum 10 nm
beam step size).
The test mask pattern contained disks and rectangles, from which we could
evaluate the reproducibility of the dimensions, the effects on corners and curves and the
residual resist due to overexposure (examples are shown in Fig. D.2). The development
was done with TMAH based developers, although other basis may as well be used, as
KOH or NaOH – they are avoided in our laboratory since they are not CMOS-compatible
due to alkaline metals contamination. In our first tests we used the AZ 300 MIF, 2 %
TMAH, and similar results were obtained with the concentrated 25 % TMAH solution,
later acquired. A more concentrated developer provides higher resist contrast, however
a higher exposition dose is then necessary – the contrast is defined as the ratio between
the smallest dose for resist exposure and the critical dose which allows full and uniform
development of the mask [127]. In general, a high contrast process is desirable to minimize
the possibility of non-homogeneous development, which may produce defects in the mask
during the following etching steps. We performed some preliminary tests on the ICP-RIE
(a) (b)
(d)(c)
Figure D.2: Examples of underexposed (a,b) and overexposed masks (c,d). When the dose
is lower than the ideal, the corners are rounded, the structure dimensions are smaller than
in the design and the mask perimeter is not well defined. When there is overexposure,
residues accumulate beyond the desired perimeter. It is observed in (c) that the corner is
well defined, from what it is concluded that a non-homogeneous dose distribution is necessary
when rectangle-like structures are desired.
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etching and we verified that doses starting from 200 µC/cm2 produced more resistant
masks, although the clear dose was around 150 µC/cm2. An important consideration is
that the recipes are dependent on the dimensions of the written structures due to the
backscattering of electrons during the process; they also differ between 1D structures
(waveguides) and 2D, as our case.
We show here the best results obtained for the lithography of 10 µm diameter
microdisks. The most important implementation for an optimized mask is the loop
writing: the dose is divided in a certain number of loops, such that the sequential
beam path averages the gaussian intensity profile of the electronic shots, producing a
smoother mask perimeter – see Fig. D.3 (top). Concerning the development time, for
2 % TMAH it was necessary 4 min and for the solution with 25 % the time was 70 s (the
calibration methodology consists in fixing the development time and varying the dose). It
is important to carefully rinse the sample after the development with deionized water and
IPA to clean resist residues. In order to reduce the apparent angle of the mask wall (see
in Fig. D.3 (loop)), we tested the hot development process, as suggested in [126], where
the development is performed with heated developer at 50◦ C. In this situation, the clear
dose is higher compared to room temperature development, such that with 200 µC/cm2
the mask is underexposed. A post exposure bake at 195◦ C for 2 min recovered the
reproduction of the disk diameter, but with very rough walls. The 300 µC/cm2 dose
presented then better results, such that it is indifferent to post exposition bake process,
no loop
@ 50° C PEB+dev @ 50° C 
loop
Figure D.3: Process with 200 µC/cm2 dose and development with solution 2 % TMAH. On the
top: smoother walls are produced by the use of loop writing (4× 50 µC/cm2) – both developed
at room temperature. On the bottom: results from the development with heating at 50◦ C
(without the loop writing), also with the introduction of a post exposure bake (PEB – 195◦ C
for 2 min).
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as shown in Fig. D.4. The hot development process is necessary in this case, otherwise
the mask presents residues similarly to the structures shown in Fig. D.2.
@ 50° C PEB+dev @ 50° C 
Figure D.4: Development with solution 2 % TMAH at 50◦ C when the dose is 300 µC/cm2,
without any post exposition treatment or with post exposition bake – when the dose is close to
the ideal, there is no significative difference.
Additionally, we performed tests with the TMAH at higher concentration, and
the results are shown in Fig. D.5. The most smooth mask was with 300 µC/cm2 and hot
development, although it seems that there is an angle in the silica wall. Further tests with
the etching should be done to compare the mask obtained with 200µC/cm2, to verify the
resistance and if this angle profile is propagated to the material during the etching. For
the definitive masks, a fine adjustment of the dose has to be done and it must be carried
out considering the mask plasma resistance, followed by SEM image and advisable optical
measurement of the resulting devices.
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Figure D.5: Development with solution 25 % TMAH with 200 µC/cm2 and 300 µC/cm2 doses,
at room temperature or with heated developer.
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D.3 Plasma etching vs. wet etching
The etching of the active layer is a process still to be implemented, due to the
late availability of the gases for III-V etching with the plasma system – by the time it
was ready for use, we already had processed InGaAs/GaAs samples, giving priority then
to their measurements. Concerning the plasma equipment, it is a ICP-RIE (Inductively
Coupled Plasma – Reactive Ion Etching) Oxford® Plasmalab 100. While in a RIE machine
the mechanical attack of the plasma atoms in the sample is equally important to the
chemical reactions in the surface, the addition of the ICP system allows a higher density
plasma, improving the chemical etching. Because of that, the RIE power can be reduced to
avoid the mechanically induced damages, with a more chemical etching. High anisotropy
and etching rates are possible [125, 127]. In III-V materials, this is important due to
excessive heating caused by RIE when high power is applied, which may cause material
degradation and eventual mask destruction. Typically these materials are etched with
CH4/H2 mixtures or brominated/chlorinated gases [125]. In the first case, the methane
based etching leads to polymeric products adherent to the camera chamber – for that, it is
advisable to have a dedicated machine to avoid contamination. As mentioned, in our case
the recipe is based on chlorine gas, which reacts with In the sample, while the mechanical
attack is done by the mixture with Ar in the plasma. Although we have the availability
of plasma assisted dry etching, the wet etching with the BCK solution technique, learned
during the internship, may be an alternative. This process has very good results in GaAs
in terms of roughness; in the literature, it is reported that such a solution should etch InP
in a similar way [108,128], then the test with ternary and quaternary alloys is appropriate
to develop an alternative and reduce the dependence on the ICP-RIE equipment.
D.4 Pedestal optimization
The last fabrication step to be implemented is the selective etching of the
sacrificial InP layer, which has to be optimized to produce a symmetric pedestal. The
pedestal symmetry is important for the mechanical quality, since a non-symmetric shape
affects the disk modes. Therefore, a cylindrical shape is aimed. The typical InP wet
etching is based on a solution of Hydrochloric Acid and Phosphoric Acid (we used the
mixture 1HCl:4H3PO4:5H2O), but with this process the chemical reaction occurs in a
preferential direction for the removal of InP crystal layers – it is slower in the plane (111A),
establishing the typical diamond shape [129]. Other HCl based mixture, combined with
Acetic Acid, has the complementary behavior, etching faster in the referred plane [108,
129]. Hence the alternating etching in these two solutions may lead to a quasi-isotropic
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InP etching.
D.5 Setup for photoluminescence with spatial
resolution at low temperature
Finally we present the experimental scheme for the photoluminescence
measurement in our laboratory, shown in Fig. D.6. The pieces of this system were acquired
during this work, with resources from the Universal Project CNPq “Lasers optomecânicos
para geração simultânea de portadoras de rádio-frequência e luz” (476798/2013-2). Besides
the spatial resolution, our setup has a cryostat for low temperature measurements. The
Janis ST-500 Continuous Flow Optical Cryostat System for Microscopy with Sample in
Vacuum is a cryostat for liquid Helium cool down, reaching then temperature as low as
3.5 K with vacuum and low vibration. The sapphire optical window allows optical pump
and collection from the sample top. It also counts with personalized sample holder for
devices with electrical contacts. The system optics, mounted in a microscope column, was
designed for emission collection around 1500 nm, readily adaptable for other wavelength.
The sample image is obtained with the Navitar Zoom tube connected to a
IR Camera
LP dichroic 
900nm cut-on
LP dichroic 
1180nm cut-on
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Zoom System 
with
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Figure D.6: Setup for photoluminescence at low temperature (at LPD). (a) Scheme with optical
elements. The image is obtained through the Zoom Navitar system coupled do a camera (IR
or visible sensor). The tube and optical elements are connected by optomechanical elements,
allowing 3D positioning with respect to the sample. The device is located in a sample holder or
in a cryostat, as shown in the picture. The sample magnification and the collection of emitted
light is done through the infinity corrected objective and sent to a monochromator or OSA. (b,c)
Photos of setup mounted for fiber pump (blue fiber) and collection (orange multi-mode fiber).
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camera, with coaxial lightning. Pump and collection are fiber connected through proper
collimators connected to the beam splitter cubes. Nevertheless, an adaptation can be done
to modify it for free optics. This setup is not integrated with fiber taper measurements,
but this can be realized in a different previous setup in our laboratory, with cryostat
adapted for that (the difference is that the sample is far from the optical window and
then collection from the top is not viable). The optics in this system are adapted for
the respective IR region, with pump at 980 nm and light collected at 1550 nm. Other
wavelength can be used for pump, between 900 nm and 1100 nm. Another wavelengths
may as well be explored by changing the beam splitter cubes. The microscope objective
20× is a special element of this setup since it has NIR coating (λ ≥ 800 nm). The spatial
resolution is allowed by the mechanical axis connected to the imaging system and optical
elements, moving it in respect to the cryostat. Imaging the sample allows one to know the
pump spot size and its positioning in the device, then different spot sizes and pumping
at different points of the disk can be explored.
